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Introduction
In sexual or social selection processes, animals employ traits that signal qualities. The use of
multiple signals is known to be well spread in numerous species, but the ultimate reasons for
using more than one single signal are not easy to explain. Why would animals invest in several
different signals, instead of focusing on only one?
The numerous hypotheses proposed to explain the existence and function of multiple sig-
nals (reviewed in Candolin 2003) can be classified in adaptive, non-adaptive and maladaptive
hypotheses. The first group includes those hypotheses that consider multiple signals as adap-
tive traits that increase the individual’s fitness by reducing choice errors or costs. Given their
evolutionary significance, these hypotheses have triggered substantial interest, especially the
one known as Multiple Messages Hypothesis (Møller & Pomiankowski 1993). It states that dif-
ferent signals provide information about different qualities, that can be evaluated together or
individually by different receivers.
Traditionally, these adaptive hypotheses have been framed into static scenarios, under con-
stant selection pressures (Bro-Jørgensen 2010). However, there is increasing awareness of the
need to widen this static framework, by taking into account the selection plasticity produced by
spatial and temporal environmental heterogeneity (Cornwallis & Uller 2010).
A recent review suggests that fluctuating ecological and social environments could also have
an important role in the origin and maintenance of multiple signals (Bro-Jørgensen 2010). In
an environment where changes happen faster every day, multiple signalling would allow a more
flexible, dynamic selection, increasing the odds of survival and fitness (Bro-Jørgensen 2010).
The evolutionary implications of this hypothesis highlight the importance of novel studies in
multiple signalling.
The role of bird colouration in multiple signalling
Arguably, the most remarkable feature of birds is the striking diversity of colourations they
show on their plumage. This conspicuous attribute has lured scientists to try to understand the
adaptive value of colouration since the early ideas of Darwin and Wallace. Wallace was a resolute
defender of natural selection as the motor of colour diversity in birds (Wallace 1889). Darwin
(1871), however, relied on sexual selection to explain the evolution of male bright colours.
Both of them have been proven right. While there are merely a few cases in which colour
traits could be explained as the outcome of gene pleiotropy only (Buckley 1987; Cooke & Buckley
1987), a wide array of functions support Wallace’s view (Bortolotti 2006). For example, feather
colours have been proposed to protect from abrasion (Burtt 1986) and UV radiation (Burtt
1979) and to aid thermoregulation (Wolf & Walsberg 2000; Negro et al. 2006). In addition,
dark coloured structures across or around the eyes have been suggested to enhance vision,
reduce reflections and glare, or to hide the eyes (Cott 1940; Gavish & Gavish 1981; Burtt 1984;
Wheeler 2003). But, probably, the most fruitful research field on naturally selected functions of
plumage colouration has been the one regarding the relationships between prey and predator.
Predators and preys keep evolving a rich display of mechanisms of concealment, advertisement
and disguise, in a never ending escalating race for survival (Bortolotti 2006).
The research topic initiated by Alfred Wallace has been a prolific and attractive area for
many years. However, these days, one of the most rewarding subjects in evolutionary biology
is Darwin’s perspective on the function of colouration. Both mate choice (intersexual selec-
tion) and direct competition among individuals of the same sex (intrasexual selection) work as
huge selective forces shaping a colourful array of signals of individual quality (Andersson 1994;
Berglund et al. 1996).
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These signals can be classified according to their origins, which often also determine their
functions, given their different production costs (Badyaev & Hill 2000; Fitze & Richner 2002;
Senar et al. 2003).
Some plumage colour traits with signalling properties are solely based on the micro-structure
of feathers (Prum 2006), while others are based on different pigments (Hill & McGraw 2006).
The most prevalent pigments in the avian integument are melanins, which colour mainly dark
and brownish traits, and carotenoids, which usually result in yellow, orange or red colourations
(Hill & McGraw 2006).
Melanin pigments are ubiquitous in nature, they are synthesized by all kinds of organisms
(including bacteria, plants, fungi and animals) from the amino acids tyrosine and phenylalanine
(Hearing 1993). In vertebrates, the synthesis of these pigments takes place in the epidermis, in
structures known as melanocytes, and the process follows a precise coordination that leads, in
birds, to the deposition of melanin pigments into keratin, through the feather follicle (McGraw
2006). There are two main forms of melanin, called eumelanin and phaeomelanin. The ratio
of these two compounds in feathers determines the reflectance spectrum of the trait, such that
feathers with a higher eumelanin content will be darker, while those with more phaeomelanin
will be from brownish, to reddish, orange, or even yellow (Prota 1995; Toral et al. 2008).
However, the final colour of the trait will be determined by the absolute amount of eumelanin,
given its overwhelming effect on the reflectance spectrum (Jawor & Breitwisch 2003). Melanin
production is partially under genetic control (Buckley 1987) although, the environment also
seems to exert an influence on melanin colouration, specially through oxidative stress (Galva´n
& Alonso-Alvarez 2009).
Carotenoids, on the other hand, are pigments only synthesized by plants, algae and fungi.
Animals cannot produce them de novo, but have to ingest them in the diet (Goodwin 1984).
The most common carotenoids found in bird colouration are lutein, zeaxantin, cryptoxantin and
β-carotenoids (Stradi 1998). To colour their feathers, birds deposit carotenoids in the follicles,
sometimes transforming the compounds before the deposition. This transformation, usually
performed through oxidation, produces new pigments that add variation to the colouration
(McGraw et al. 2003).
Given the different origins and paths followed by these pigments on their way to colour feath-
ers, it has been hypothesized that different components of quality could be transmitted through
different types of ornaments (Møller & Pomiankowski 1993). Selection may have linked each kind
of ornament to the qualities that are best reflected by the expression of those pigments (Møller &
Pomiankowski 1993). Hence, according to their different characteristics, while carotenoid orna-
ments should convey information about endoparasitism and immune ability, melanin ornaments
are best suited to reflect information about nutritional health, ectoparasitism and hormonal
levels related to agonistic behaviour and intrasexual competition. This differentiation has often
been observed, and gives support to the existence of multiple colour traits that convey different
qualities of their bearers through those different pigments (Candolin 2003). However, clari-
fying which factors determine the reliability of melanins and carotenoid as quality signals is
currently growing in interest (Griffith et al. 2006; Hill & McGraw 2006; McGraw 2008). It is
argued whether the condition dependence of melanin traits is significantly different from that of
carotenoid based on carotenoids and, consequently, if these different traits could actually signal
similar kinds of qualities (Griffith et al. 2006). Further research is therefore required on the
possible different functions of melanins and carotenoids. According to some authors (Dale 2006;
Griffith et al. 2006), the best way to tackle this problem would be to study species in which
both kinds of ornaments are present, testing jointly the different functions of those ornaments
in the same species and conditions.
The Eurasian siskin (Carduelis spinus; Box 1) and the great tit (Parus major ; Box 1) are
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two passerine birds that show ornaments based on melanins and carotenoids, which makes
them a particularly suitable models for the study of multiple signalling. In this thesis, several
experiments were performed on these bird species to achieve the objectives described in the next
section.
BOX 1. Model species
Eurasian siskins (Carduelis spinus) are small, sexually dimorphic, finches that weight
around 14g as adults. Females are grey-greenish, while males show more yellow plumage and a
distinctive melanin based black bib. Siskins also present a carotenoid based yellow wing stripe.
They are a social species, living in groups of 3-10 individuals all year round (Newton 1972).
These groups show well defined structures, where dominant and subordinate individuals have
very distinct roles and enjoy different benefits and costs (Senar 1985). Additionally, some
groups are “transient” and usually do not use the same foraging patch for more than a day.
Other groups are “resident” and can stay in the same place for several months. Resident
siskins are dominant over transient ones and show better condition (Senar et al. 1990, 2001).
Study site Siskins studied in the experiments were captured in a suburban area of Barcelona
and kept in captivity in enclosures within the Natural History Museum of Barcelona.
Great tits (Parus major) are non-migratory parids, weighting 17-21g as adults. They are
socially monogamous birds that breed in holes and readily occupy nest boxes. European pop-
ulations typically lay one or two clutches every breeding season (Gosler 1993). Great tits
show high variability in their yellow carotenoid based ventral plumage. The yellow coloured
breast is crossed by a melanin-based (Brush 1978) black stripe. This stripe reaches the legs in
males, while disappearing gradually on the ventral side in females, allowing sex discrimination
(Svensson 1975; Gosler 1993; Slagsvold 1993).
Study site The studied population breeds in Can Cata`, a field station located in a Mediter-
ranean mixed forest of deciduous oak (Quercus cerrioides) and aleppo pine (Pinus halepensis),
near the city of Barcelona (northeast Iberian Peninsula; see Figuerola & Senar (2005) for more
details). There are 180 nest boxes distributed in the study area (80ha), mainly occupied by
great tits and some blue tits (Cyanistes caeruleus).
Objectives
- Test the hypothesis that different colourations can signal different qualities
of the individual, allowing multiple criteria in sexual (and social) selection (Candolin
2003). Two traits that can greatly determine the response of individuals to environmental
variation will be studied: Personality and Cognition.
- Examine how multiple signals based on different colourations affect extra pair
sexual behaviour. This important component of sexual selection is considered a key
mechanism to overcome the negative consequences of changing environments (Botero &
Rubenstein 2012).
- Explore how multiple characteristics of the individual interact to determine
mate choice. How much do animals trust colour signals versus their own experience?
Given that fluctuating conditions could hamper the reliability of some quality signals,
females may rely more on a direct continuous evaluation of prospective mates than in
signals of quality (e.g. plumage colouration). A potential role of familiarity in mate choice
could be especially relevant in changing environments.
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Chapter 1: Carotenoids and foraging ability
Given the inability of animals to synthesize carotenoids, colour traits based on these pigments
have long been considered a signal transmitting information about the foraging ability of the
individual (Endler 1980). However, this general “ability to find food” has never been properly
defined. In the siskin, the length of a carotenoid-based yellow wing stripe is used by females
when selecting a mate (Senar et al. 2005). We predicted that this carotenoid trait would reflect
the performance of an individual when solving a foraging problem, as a general measure of
foraging ability.
To test this prediction, we examined how differently ornamented male siskins performed in
accessing food from a partially blocked feeder. The task required birds to remove one or two
toothpicks from the feeder in order to reach some pine seeds below. We used the time taken to
access the food as a measure of performance.
As expected, male siskins with longer yellow wing stripes were faster at obtaining food from
a small box whose access was blocked by toothpicks (Paper 1, Figs 1 & 2).
Figure 1: Differences in the length of the
yellow wing stripe, measured on primary six
(n=29), between slow and fast problem solvers.
We defined slow solvers as birds that either did
not solve the problem or needed more than one
trial to solve the problem (greater than 300 s).
Fast solvers are defined as birds that solved the
problem within the first trial (less than 300 s).
Fast solvers displayed longer yellow wing stripes
than slow solvers (s.e. bars shown).
We thus showed that the length of the carotenoid-based yellow wing stripe of siskins could
be a signal of the ability to solve a foraging problem. This trait, however, did not reflect the
latency to approach the problem, which discards any neophilia effect. The approach we used to
test their problem solving ability may be considered not to measure all aspects of this ability and
to be rather artificial. However, we chose this approach because evolution cannot have provided
animals with a built-in solution for novel situations of this type, and these animals have not had
a chance to learn what to do through trial-and-error. This explains why older individuals were
Figure 2: Relationship between the length of
the yellow wing stripe (n=21) and the time taken
to solve the foraging problem. Birds with longer
yellow wing stripes solved the problem faster (ta-
ble 1). The figure only includes birds that solved
the problem.
11
Table 1: Cox proportional hazards analysis relating length of the yellow wing stripe, size of the black
bib, age and size of the bird (tarsus length) with the time taken to solve a foraging problem (n=21).
(Interactions were not included since they were not significant.)
Variable Coef Exp(Coef) S.E.(Coef) Z p-value
Yellow wing stripe 0.38 1.47 0.18 2.13 0.03
Black bib 20.94 0.39 0.60 21.57 0.12
Tarsus 20.37 0.69 0.56 20.66 0.51
Age 20.02 0.98 0.02 21.10 0.27
not able to take advantage of their experience (Paper 1, Table 1). Hence, although we recognise
that our results should be reinforced by testing additional foraging problems, the performance
showed while solving this novel task is likely to reflect an overall ability of the individual to solve
problems (Chappell & Kacelnik 2002). Challenges of this type are not uncommon in nature, and
birds are known to develop singular feeding innovations (Lefebvre 2000). A classical example is
the ability of wild tits to manipulate and open milk bottles (Fisher & Hinde 1949).
Female choice for cognitive traits
Traditionally, the idea that carotenoid-based colouration is related to foraging ability had been
tested from the framework linking diet to colouration (Hill 2006). Here we show that acquiring
carotenoids to colour ornaments is not only a question of availability and ingestion but also of
ability to obtain them. Moreover, while we do not know yet the breadth of the task domain
over which our index applies, it also appears that, at least for one dimension of problem solving,
females’ choice criteria may be adapted to gauge cognitive performance.
The study of mate choice for cognitive traits has been addressed only very recently (Keagy
et al. 2009; Boogert et al. 2011) and it offers a promising research topic. The study of sexual
(and social) preferences for cognitive traits is particularly relevant given the potential role of
cognition in the adaptation to novel or changing environments (Reader & Laland 2002; Sol et
al. 2002, 2005, 2007; Ratcliffe et al. 2006).
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Chapter 2: Melanin and personality
What is personality?
The way by which individuals respond to novel situations, evaluate potential risks or drive social
interactions can have an obvious effect in many aspects of their lives. A certain behavioural
flexibility would confer adaptation advantages in changing environments but, very often, what
we actually see in nature is a lack of plasticity in behaviour: Animals respond consistently on
the same way in different situations, which could even be labelled as maladaptive (Sih et al.
2004). These behavioural differences, that are consistent over time and across situations are
what we know as personality (Re´ale et al. 2007).
Even though some authors addressed animal personality as early as in the seventies (Hunting-
ford 1976), this topic has been largely ignored until recent years (Re´ale et al. 2007). Currently,
we are witnessing a huge rising interest in personality among behavioural ecologists, but our
understanding of the subject is still scarce (Re´ale et al. 2010). However, there is now enough
evidence to affirm that personality traits have clear fitness consequences (Dingemanse & Re´ale
2005; Smith & Blumstein 2007). Personality can affect a variety of capital ecological variables,
such as dominance, natal dispersal, offspring recruitment, territory quality, reproductive per-
formance, survival and physiological responses to social stress (Re´ale et al. 2007). All these
traits may have a strong effect on fitness (Dingemanse & Re´ale 2005; Smith & Blumstein 2007).
For example, a bolder individual might be more prone to reach a dominant position, gaining
access to resources. However, this boldness could jeopardize his survival if it makes him more
conspicuous to predators.
Personality traits do not always act independently. Often, behavioural traits (Andersson
1994) are correlated. For example, bolder great tits (Parus major) are also more aggressive and
faster explorers (Verbeek et al. 1994; Drent et al. 2003). These suites of correlated behaviours
are known as behavioural syndromes, and can dramatically increase the effect of personality on
fitness, due to higher constraints on behavioural plasticity (Sih et al. 2004).
Given the advantages (and disadvantages) that certain personality traits might confer in
different situations, it has been proposed that personality can be maintained and selected by
means of natural selection (Dingemanse & Re´ale 2005). But also, an individual’s success may
be affected by the personality of its mate. Consequently, sexual selection has been proposed as
a way to maintain personality variability in nature (Schuett et al. 2010).
Could personality be signalled?
Individual qualities that increase fitness are often signalled by sexually selected traits, such as
bright colours, enlarged fins, feather plumes, song or horns (Andersson 1994). If personality
traits are also sexually selected individual qualities, it would be expected that signals conveying
information about personality traits have evolved adaptively. In a social selection context,
these signals could also play an important role, for example, when selecting or avoiding a social
companion (Tanaka 1996; Senar & Camerino 1998).
Animals base their decisions either on their own experience or following other individuals’ ex-
ample, i.e. using social information (Danchin et al. 2004). Given that personality can affect, for
example, different aspects of foraging performance (Schuett & Dall 2009; Exnerova´ et al. 2010;
van Overveld & Matthysen 2010), individuals using social information would benefit greatly
from being able to identify personality signals and use them to evaluate social information.
In spite of the potential biological importance of personality signals, the study of this topic
has only very recently been addressed. At least two possible channels have been identified with
potential to transmit information about personality traits: Bird song (Garamszegi et al. 2008)
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and melanin colouration (Ducrest et al. 2008). Given that melanin based colourations are
ubiquitous in nature, the study of personality signals based on this trait is highly relevant.
Melanin colouration and personality
Animal personality is, at least to some extent, gene regulated and heritable, as suggested by
the results of artificial selection experiments (Drent et al. 2003). Still, some physiological
processes could have an additional influence on behavioural traits. One potential process is the
regulation of the melanin synthesis. Melanin is the main pigment in charge of the colouration
of brown-black traits (McGraw 2006). The synthesis of this pigment is argued to be partially
influenced by the environment, both by the environmental availability of melanin precursors
and by differential effects of oxidative stress (Galva´n & Alonso-Alvarez 2009). However, the
system is also controlled by genes that regulate the hormonal pathways of the melanin synthesis
(Buckley 1987). Ducrest et al. (2008) proposed that the melanocortin-system, the hormonal
system in charge of the synthesis of melanin, could affect behaviour, via pleiotropic effects.
Melanocortins are hormones that bind to five different receptors. These receptors link to very
different functions and could affect several phenotypical and behavioural traits (Ducrest et al.
2008). This hypothesis was supported by earlier studies that found that darker individuals often
are more aggressive, more sexually active and more resistant to stress than lighter individuals
(Roulin et al. 2000; West & Packer 2002). Recently, this support has been strengthened by
a few studies showing different links between melanin and personality in a number of species:
salmonid fishes (Kittilsen et al. 2009), eastern Hermann’s tortoises, Eurotestudo boettgerii (Mafli
et al. 2011) and barn owls Tyto alba (van den Brink et al. 2011).
Additional comparative work in other species would help to reveal whether the often observed
link between aggressiveness and melanin colouration has been evolutively conserved, or appeared
through convergence processes (Price et al. 2008). Also, the increasing evidence that personality
signals based on melanin traits are widespread in animal species opens a highly relevant research
topic. In conclusion, a test on the possible signalling of personality through feather colouration,
in a species showing both melanin and carotenoid-based traits, would help to reveal the different
role of those pigments. In this thesis, we performed such a test in the siskin (Carduelis spinus;
Paper 1).
Signalling of personality in the siskin through melanin traits
Siskins show dark feather traits based on melanins. The black bib of the siskin works as a social
signal, whose size reflects the dominance of the individual within the social group (Senar et al.
1993; Senar & Camerino 1998). The size of this bib is also correlated with aggressiveness (Senar
1985), a behavioural trait (Box 2) often related to boldness (Sih et al. 2004) and exploratory
behaviour (Dingemanse & de Goede 2004; Bell & Sih 2007), but see (Jones & Godin 2010).
Therefore, we would expect that siskins with larger bibs would also show higher levels of ex-
ploration. We tested this hypothesis by measuring the exploration scores of a group of siskins,
following Verbeek et al. (1994), and relating those exploration scores to their black bib sizes
(Paper 2).
As predicted, male siskins with larger black bibs showed a shorter latency time to approach
a novel object (Paper 2, Fig. 3), demonstrating a higher exploratory behaviour.
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Figure 3: Survivorship plot function for ten-
dency to approach a novel object. It shows the
proportion of siskins that did not approach the
object (“surviving”) up to the respective time
interval. Birds (n=28) are represented accord-
ing to the size of their black bib, which shows a
high bimodality in the population (Ripoll et al.
2004).
BOX 2. Personality categories
Behavioural ecologists have agreed to classify behavioural differences into 5 different major
temperament traits categories: exploration-avoidance, shyness-boldness, activity, sociability
and aggressiveness.
The first axis, exploration-avoidance, describes the reaction of the individual to novel en-
vironments or situations. Some individuals explore new environments fast and superficially,
while others do it slower but more thoroughly. Part of this personality axis are traits like
neophilia or neophobia. The second axis, the shyness-boldness continuum, describes the
individual’s reaction to a potentially risky situation that is not new, like a predator encounter,
for example. The third one is the measure of activity of the individual. This trait can inter-
fere with the two previous ones and, when studied, it should be distinguished between novel
or risky situations. Aggressiveness reflects the agonistic behaviour of the individual towards
conspecifics and, finally, sociability describes the individual’s predisposition to interact with
conspecifics, excluding agonistic behaviour (Re´ale et al. 2007).
Why would siskins with a larger black bib approach a novel object faster?
Melanin-based colourations are linked to several physiological, morphological and behavioural
traits (Roulin 2004). It has been proposed that these links originate in the pleiotropic effects
of the genes regulating the synthesis of melanin (Ducrest et al. 2008). Accordingly, it has been
found that, for example, darker eumelanic barn owl nestlings cope better with stress, releasing
less corticosterone after a stressful event (Almasi et al. 2010). Dominant siskins, bearing larger
eumelanic bibs, also seem to handle stress better than subordinates, according to their metabolic
rate (Senar et al. 2000). This increased ability to cope with stress could be the reason behind
their faster response to a novel object and should thus reflect a superior ability to handle, for
example, the stressful factors of a different environment (Almasi et al. 2008; Roulin et al. 2008).
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Selection for personality signals
Siskins with larger black bibs have been found to be dominant within the group (Senar et
al. 1993; Senar & Camerino 1998) and also more aggressive (Senar 1985). Foraging siskins
avoid conspecifics showing larger black bibs, probably due to prevention of potential aggressive
interactions (Senar & Camerino 1998).
But most likely, siskins are not only trying to keep away from aggressive larger black bib
owners. Signalling of different personalities could help to shape foraging tactics, such as the
producer–scrounger game (Barnard & Sibly 1981), which has been found to be affected by
personality (Kurvers et al. 2010a). Slow explorers, signalled by small bibs, apart from being
less aggressive, are lesser risk-takers (van Oers et al. 2004) and their personality helps them
to quickly identify and avoid potentially dangerous aposematic prey (Exnerova´ et al. 2010).
Despite their higher wariness, slow birds are active foragers that explore their environment
more thoroughly than faster birds (Verbeek et al. 1994). They could therefore be a potential
source of high quality social information and this additional value could be assessed a priori using
a personality signal. Hence, probably siskins are not only trying to keep away from aggressive
individuals with large bibs, but rather actively selecting smaller black-badged, slow-exploring
individuals as social companions.
Could there then be some selective advantage for dominant, fast-explorer birds?
These dominant, fast explorers with large bibs could have a potential survival advantage, owing
to their superior access to resources. However, in the siskin, dominant individuals mainly fight
among themselves, in like-versus-like aggression (Senar et al. 1989, 1997; Ripoll et al. 2004)
leaving lower-ranking individuals relatively free from aggression. Also, female siskins do not
choose mates based on this trait (Senar et al. 2005) and, accordingly, theoretical models suggest
that the relationships among survival, reproduction and aggression rates of dominants and
subordinates probably maintain the evolutionary stability of the system. This is nicely reflected
by the binomial frequency distribution of bib sizes in nature (Ripoll et al. 2004). Additionally,
empirical studies suggest that, in these “feudal” species, in which dominants fight only among
themselves (Senar et al. 1990, 1997), both behavioural classes achieve similar survival rates
(Ripoll et al. 2004; Senar & Dome`nech 2011), so it is likely that these are two alternative,
equally valid strategies.
Finally, plasticity in selection pressures on different personality traits, originated from
changes in, for example, environmental conditions (Dingemanse et al. 2004), could help to
maintain the genetic variation in personalities.
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Chapter 3: The importance of playing second fiddle:
Multiple signals and extra pair sexual behaviour
In the two previous chapters we have confirmed that different colourations can signal different
qualities of the individual. Multiple signalling allows for flexible selection, a process that could
increase the odds of survival and fitness success in changing environments (Bro-Jørgensen 2010).
Also, the potential existence of several successful combinations of qualities sets the grounds
for the flourishing of different strategies, a topic that could be especially interesting in sexual
selection contexts (Moran 1992).
Extra pair sexual behaviour is argued to be one of the major sources of sexual selection
on male sexual secondary characters, particularly in monogamous mating systems. In birds,
extra pair paternity variation is considered an important process behind the evolution of sexual
dichromatism (Møller & Birkhead 1994; Sheldon & Ellegren 1999).
Extra pair sexual behaviour provides several sex-dependent advantages. For males, it means
a direct source of fitness, with no parental involvement. For females, it is a way of gaining
genetic variability and quality, while keeping parental help from the social partner. For both
sexes, it is an assurance against the potential infertility problems of their first mate choice
(Birkhead & Møller 1992). In short, extra pair sexual behaviour allows a higher flexibility in
sexual selection, given that it offers a second chance to make a better choice. Secondary sexual
choices could have a role in preventing, correcting or reducing the negative consequences of
ecological crossovers, that is, the possibility that fluctuating environments change the relative
quality or sexual attractiveness of potential mates (Botero & Rubenstein 2012).
In this chapter, we examined the role of multiple colour signalling in extra pair behaviour,
by using a socially monogamous dichromatic species in which there is strong evidence for the
use of multiple signals: the great tit (Senar et al. 2003, 2008; Ferns & Hinsley 2008; Senar
& Quesada 2006; Rivera-Gutierrez et al. 2010). Particularly, we studied the effect of melanin
and carotenoid multiple signals in wild male great tits on (1) the agonistic behaviour against
conspecific territorial intrusions and (2) the risk of suffering cuckoldry.
Given that male great tits with a larger black tie size are known to defend more strongly
their nests against predators (Quesada & Senar 2007), we predicted that the same trait would
determine the strength of the response also against conspecific intrusions. Consequently, those
males showing larger black ties should have lower risks of suffering cuckoldry.
According to our prediction, males with a larger black tie area defended their nests more
intensely against a conspecific intrusion. However, we found an interaction between the chroma
of the yellow plumage of the chest and the size of the black tie. This interaction was such that,
while the expression of each trait by itself reflected a higher defensive response, higher levels
of the two traits in combination resulted in a reduced aggressive behaviour against conspecific
intruders. Individuals whose melanin and carotenoid traits signalled the highest quality defended
their nest significantly less than individuals showing high expression levels of only one kind of
trait (Table 2, Fig. 4).
Why did not carotenoid colouration have an effect in previous studies where the
response against predator intrusions has been investigated?
Quesada & Senar (2007) did not find any such effect of the yellow breast colouration on the
response against a predator. This fact could be due to the different nature of the intrusions
investigated. In the face of a predator attacking its nest, a great tit has only two simple
alternatives: to risk his life trying to save his offspring or to let them die. In this situation,
probably only his own aggressiveness (reflected on his melanin-based trait (Ja¨rvi & Bakken 1984;
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Table 2: Final model of multiple backward regression of territorial nest defence (PC1) on black tie size
(mm2), chroma of the carotenoid-based yellow plumage of the chest and interaction between the two.
F3,19=7.49, p=0.002.
Variable Estimate SE t p
Black tie size -0.09 0.02 -4.05 <0.001
Chroma -1.23 0.36 -3.43 0.002
Chroma*Black tie size 0.004 0.001 3.77 0.001
Figure 4: Relationship between nest defence
(PC1), chroma of the yellow chest and black tie
size (mm2).
Quesada & Senar 2007), and its potential loss of investment, in terms of brood size, will have
an influence on his decision (Quesada & Senar 2007). Accordingly, individual qualities such
as foraging abilities, immunocompetence or parasitic resistance, which are signalled by yellow
carotenoid-based colouration (McGraw & Hill 2000a, b; Senar et al. 2003; McGraw & Ardia
2007), may be irrelevant in this extreme situation. On the side of the predator, this conspicuous
yellow colouration will not very likely make a difference either, given the dissimilarity in colour
vision between these species and common predators (H˚astad et al. 2005). This may explain the
lack of association between carotenoid-based colouration and nest defence in front of predators
found previously (Quesada & Senar 2007), is expected. However, a conspecific intrusion may
not be such a drastic event, assuming a lower risk for the resident male and his offspring. In
this situation, his investment in terms of brood size would not be so critical. Accordingly, in
opposition to Quesada & Senar (2007), our experiment showed that the number of nestlings did
not have an effect on the male’s response.
Why do individuals of higher quality, reflected both on carotenoid and melanin
traits, not defend their nests against conspecific intrusions?
A possible explanation could be that, as in blue tits (Cyanistes caeruleus), females paired to
males of high quality keep faithful to them (Kempenaers et al. 1992, 1997), so they would not
need to invest energetic resources in nest and mate guarding. To test this hypothesis, we also
performed paternity tests.
However, when relating male colouration to the risks of suffering within nest paternity loss,
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our results did not support the initial hypothesis. We found that male great tits with larger
black ties and higher levels of chroma on their yellow plumage suffered higher rates of cuckoldry
than those showing high expression levels of only one of those colour traits. Birds showing lower
expression levels in both traits also suffered comparatively more cuckoldry (Fig. 5, Table 3).
Figure 5: Proportion of extra-pair/within pair
paternity in relation to size of the black tie and
chroma of the yellow breast colouration of male
great tits.
Table 3: Ranked GLM relating size of the black tie, yellow chroma, and their interaction with the
proportion of extra-pair/within pair paternity of male great tits (Final model).
F β p
Black tie size 5.88 -1.10 0.02
Yellow chroma 5.66 -1.22 0.03
Black tie size*Yellow chroma 8.32 1.21 0.01
Surprisingly, to show high quality colour traits did not only not prevent their bearers from
being cuckolded, but led them to suffer even higher cuckoldry rates than less ornamented indi-
viduals.
A possible interpretation for these results could be that, in our population, males might
be following different strategies according to their individual quality. In great tits, males per-
form costly paternity assurance behaviours, like mate guarding (Bjo¨rklund & Westman 1986;
Bjo¨rklund et al. 1992) and song at dawn (Mace 1987). In many species, males showing higher
quality traits usually enjoy bigger chances of getting extra pair copulations (Birkhead & Møller
1992; Bitton et al. 2007; Balenger et al. 2009), even regardless of the quality of the male they
are contributing to cuckold (Forstmeier 2007). With this promising prospect, attractive male
great tits could find more profitable to invest more in pursuing extra-pair copulations, instead
of employing their efforts in those costly mate guarding behaviours, even if that increases the
chances of compromising their within pair paternity (Kokko & Morrell 2005). In fact, in great
tits, a perceived loss in within pair paternity leads in turn to an even lower mate guarding effort
(Hansen et al. 2009).
This same strategy has been suggested for some species in which older males suffer more
cuckoldry than younger ones (Westneat 1987; Sherman & Morton 1988). It is also a tactic known
to be adopted, for example, by black-throated blue warbles Dendroica caerulescens (Chuang-
Dobbs et al. 2001) where males with more extra-pair opportunities guard less and suffer more
cuckoldry.
The alternative strategy would be the one followed by males showing only high levels of either
their melanin or their carotenoid based trait. These individuals of a suboptimal attractiveness,
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either based on a high yellow chroma or a large black tie size, seem to suffer less cuckoldry in
our population. Probably for these males it would be more beneficial to ensure their within-pair
paternity by enhancing their mate guarding strategies, given that they would not be so successful
when trying to achieve extra-pair copulations. In fact, it has been suggested that less sexually
attractive individuals seem to follow an alternative strategy by increasing their aggressiveness
(McGraw et al. 2007), mate guarding (Johnsen & Lifjeld 1995), and parental care (Sanz 2001).
This higher parental effort could be rewarded in faithfulness by females (O’Brien & Dawson
2010), which would again, in turn, reinforce the male’s investment in the nest (Lubjuhn et al.
1993; Lubjuhn 1995).
Lastly, those males with small tie sizes and low chroma values, signalling a very low quality,
could not expect to successfully achieve many extra-pair copulations. Females paired with these
low quality males may be actively seeking for EPCs (Kempenaers et al. 1992; Kempenaers 1995)
but, even if these males decide to follow a mate guarding strategy, their low condition (i.e. low
yellow chroma (Senar et al. 2008) and low aggressiveness (Senar 2006; Galva´n & Alonso-Alvarez
2008) would result in a poor nest defence/mate guarding performance. This would probably
lead to the observed paternity loss of these males in our population (Kempenaers 1995).
In conclusion, we found that males of the highest quality, as signalled by carotenoid and
melanin based colour traits, defend their nests less against conspecific intrusions (Paper 3) and,
possibly in consequence, are as heavily cuckolded as those with lowest quality traits (Paper 4).
Males of intermediate quality seem to be more successful at keeping their within pair paternity,
probably because of their stronger nest defence against conspecifics.
These results suggest that males might be following different reproductive strategies accord-
ing to their individual quality. Unfortunately, our data did not allow us to identify the genetic
father of the extra pair offspring. This information would confirm whether male great tits with
both melanin and carotenoid-based high quality traits are indeed successfully achieving more
extra-pair copulations, a prediction that arises from our results and should be tested in future
works.
24


Chapter 4: Beyond signals: Better the devil you know?
In Chapter 3 we observed that multiple signals potentially could allow different strategies in
extra pair sexual behaviour. Both multiple signalling and extra pair sexual behaviour have
been recently proposed as mechanisms to overcome the negative consequences of changing en-
vironments (Bro-Jørgensen 2010; Botero & Rubenstein 2012), for example, by allowing a more
dynamic social selection and a “choice adjustment” when circumstances change.
However, even with the aid of the information conveyed in multiple signals, a secondary choice
(e.g. extra pair sexual behaviour, divorce and subsequent mate choice for a second clutch, or
just refining a social companion choice) could fail when, for example, unexpected environmental
changes occur. If the conditions at the time of sexual or social selection are different than those
at the time of signal producing, the value of the signals as indicators of quality could be severely
damaged. The same result would be obtained if the quality signals of different individuals have
been produced in separate habitats. For example, in species that are allopatric during the
breeding season but meet again in winter to pair (Borras et al. 2010, 2011).
Consequently, despite the informative potential and the obvious importance of quality traits,
such as colour signals, animals should be expected to allocate much of their trust in direct proofs
of value, when making decisions on social or sexual matters. That is, animals should trust their
own experience, even over the information obtained from other individuals’ quality signals. In
case of doubt, they should prefer what they already know.
In this last chapter (Paper 5) we examined the possible limitations of colour signals in sexual
selection, performing two mate choice experiments in siskins, a species in which females use the
length of the yellow wing stripe to select their mates (Senar et al. 2005).
In the first experiment, we tested the preference of female siskins when choosing between
familiar and unfamiliar males, with similar sized yellow wing stripes. Our prediction was that,
from two males with similar sexual signals, a female siskin would prefer the familiar one.
In accordance with our prediction, females clearly selected the known male over the unfa-
miliar one (Fig. 6, top).
But, how strong is this preference for a familiar male? In a second trial, we determined
the relative strength of familiarity and ornamentation, by confronting females with the choice
between a highly ornamented unfamiliar male and a less ornamented familiar male. In this
experiment, female siskins did not show any significant preference (Fig. 6, bottom).
Previous studies analysing the interaction between male attractiveness and social familiarity
in mate choice found that familiarity bred contempt and that attractiveness was more important
than familiarity when choosing a mate (Patricelli et al. 2003; Zajitschek et al. 2006; Zajitschek
& Brooks 2008). The results from our study in siskins support a new view, in that attractiveness
alone is not enough in some species and that previous experience is an added value that could
interact with quality signals.
The familiarity factor may help us understand patterns of sympatric local adaptation and
divergent ecological selection. This factor may be especially important in species in which dif-
ferent subpopulations cohabit during the mating period, since this cohabitation would otherwise
provide ample opportunities for gene flow (Schluter et al. 2001; Newton 2008). Crossbills Loxia
spp. are considered a typical example; studies have shown that different cryptic species may
cohabit the same geographical areas but seem to mate assortatively (Benkman 1993; Groth
1993; Parchman et al. 2006; Snowberg & Benkman 2007, 2009; Summers et al. 2007; Edelaar
et al. 2008). The citril finch Serinus citrinella is another example. Different subpopulations,
known to adapt locally and to differ in morphometrics and genetic structure (Senar et al. 2006;
Forschler et al. 2011), are allopatric during the breeding season but intermix in the shared win-
tering areas where pairing takes place (Borras et al. 2010, 2011). Citril finch subpopulations,
however, remain differentiated (Senar et al. 2006; Forschler et al. 2011). The siskin is a third
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Figure 6: Results from the two experiments in
which the siskin females were presented with a
choice between two male siskins differing in so-
cial familiarity (Familiar and Unfamiliar) and
sexual attractiveness, measured as the relative
length of the yellow wing stripe. In the first
experiment, females had to choose between a fa-
miliar and an unfamiliar male, both ornamented
with a large yellow wing stripe (both attrac-
tive). In the second experiment, females had
to choose between a poorly ornamented famil-
iar male (small yellow wing patch) and a more
ornamented unfamiliar male (large yellow wing
patch). Results are expressed as the mean per-
centage (±S.E.) of time that the test female
stayed with either stimulus male during a to-
tal of 4 hours (14.400 s.). (n=15 trials for both
experiments).
example. Two different subpopulations, residents and transients, have been described in this
species (Senar et al. 1992). These two subpopulations intermix and cohabit during the winter
pairing period (Senar et al. 1990, 1992), but subpopulations consistently differ in morphometrics
(Senar et al. 1994, 2001).
Subpopulations remain differentiated in crossbills, citril finches, and siskins, even though
cohabitation of the different subpopulations during the pairing period would provide ample
opportunities for gene-flow (Choudhury & Black 1994; Borras et al. 2011). Here, we stress that
a mating preference for socially familiar individuals, as found in the present study, could nicely
explain the maintenance of these instances of local differentiation (Choudhury & Black 1994;
Borras et al. 2011).
Interspecific variation in the role of familiarity in mate choice has mainly been attributed to
the probability of inbreeding (Cheetham et al. 2008). This would explain why, in species with
a high probability of inbreeding, as for instance promiscuous species, females generally avoid
males that are familiar to them (Cheetham et al. 2008). However, we think that interspecific
variation in the role of familiarity in mate choice could also be related to interspecific variation
in the degree of stability in the composition of groups, which is in fact a prerequisite for social
familiarity. Cardueline finches, like crossbills, citril finches and siskins, breed in semi-colonies
that have high social interaction among their members (Newton 1972; Glu¨ck 1980). The high
social costs of flock switching enhance membership stability (Balph 1979; Mundinger 1979; Senar
et al. 1990; Cristol 1995; Wilson 2006), and data suggest that flocks formed in the original
breeding localities may even remain together in the wintering grounds (Wilson 2006). In this
scenario, if birds develop a mating preference for familiar birds, flock structure would favour
pairing with individuals from the same breeding subpopulation, thereby reducing gene-flow and
allowing local adaptation.
There is increasing evidence that animals may use multiple criteria in mate choice (Candolin
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2003). Our present results suggest that in some species, quality signals are not always blindly
followed, and social familiarity adds to attractiveness. As preference for familiar individuals
as mates could favour local adaptation, social familiarity should be regarded as an important
selection pressure in modulating the evolution of characters.
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Do melanin and carotenoid based traits signal different
things?
Griffith et al. (2006) suggested, based on results from a meta-analysis, that there was not enough
evidence to determine that melanins and carotenoids have different signalling functions due to
their different origins. It was proposed then, that more experimental data on species bearing
both kinds of pigmentations could help to prove this hypothesis.
Our results (Papers 1 & 2) support this view: While the carotenoid based yellow wing stripe
independently reflected the foraging ability of male siskins, the melanin based black bib was
the only signal related to a personality trait in the same species, being both traits uncorrelated
(Senar & Escobar 2002, unpublished data)
But, is this really universal? Could there be any role of, for example, carotenoid colouration
in personality signalling? Actually, we could not totally discard a potential, context-dependent,
correlation between personality traits and carotenoid colouration. For example, due to the effects
that personality can exert on foraging behaviour (Verbeek et al. 1994; Kurvers et al. 2010a; van
Overveld & Matthysen 2010; David et al. 2011; Cole & Quinn 2012), some personality traits
could provide foraging advantages in some contexts or populations. Given that foraging success
is often reflected in an enhanced carotenoid-based colouration, competitive personality traits
could eventually correlate to this kind of colourations.
A potential example could be the guppy (Poecilia reticulata). Males of this small fish show
bright orange spots on their body (Houde 1997), that female guppies use in mate choice (Kodric-
Brown 1989; Grether 2000). Given that carotenoid intake affect the saturation of orange spots,
it has been proposed that these orange traits are signals of the foraging ability of the guppies
(Kodric-Brown 1989; Grether et al. 1999). Karino et al. (2007) performed an experiment in
which male guppies had to explore a simple maze in order to reach the carotenoid-rich algae
they usually feed on. Male guppies with more saturated orange spots were able to find faster
the algae. These results were interpreted as a higher algal searching ability for those individuals
showing more saturated orange spots. However, the experimental set up prevented them from
separating foraging ability from exploratory behaviour. A higher exploration score could be
responsible of the superior success of bright coloured guppies in this experiment.
There could be additional mechanisms maintaining the correlation between carotenoids and
personality in the guppy. Female guppies are not only attracted to carotenoid-based signals.
They show an even stronger preference for bold males, regardless of their colouration (Godin &
Dugatkin 1996). As a result, there seems to be a positive relationship between the conspicuous-
ness of the males and their boldness in the face of predators (Godin & Dugatkin 1996). This
correlation could lead to the assumption that carotenoid based traits could work as signals of
personality in the guppy. But in fact, most probably, this link is actually driven by the female
preference for two different traits: personality and foraging ability.
Which one of those traits is honestly signalled by carotenoid colouration? To properly test
the honesty of a signal, it is necessary to isolate each function to avoid confounding factors; in
this case, to separate personality from foraging ability. Our experimental design allowed us to
tackle this problem in the siskin and confirm that carotenoids (Paper 1) and melanins (Paper
2) do have different signalling functions in the siskin.
Colour signals, interactions and dynamic selection
As previously discussed, certain personality traits could also provide foraging advantages, al-
though they are different from those granted by a higher problem-solving ability. Hence, while
33
a better cognitive performance can aid to solve foraging problems, personality can affect the
chances to find those foraging challenges and the way to approach them. Furthermore, recent
works also suggest that personality and cognition might have an even closer relationship. For
example, in great tits, some personality traits can improve learning performance or competitive
ability (Cole & Quinn 2012; Titulaer et al. 2012).
Given the different advantages of each trait, and their interactions, it is expected that signals
informing about those different individual qualities have a shared influence when choosing a mate
or a social companion.
For instance, while female siskins seem to select their mates mainly based on the size of the
yellow wing stripe (Senar et al. 2005), foraging individuals tend to avoid conspecifics showing
larger black bibs (Senar & Camerino 1998) and even, possibly, they actively choose those show-
ing small black bibs. The length of the yellow wing stripe gives valuable information about
the foraging ability of the individual, but siskins can also assess their companions’ personality
through their melanin traits, and adjust their choice. The availability of clues about different
qualities could allow individuals to refine social and sexual selection, by following alternative
strategies that suit different contexts and situations.
The best strategy: A matter of character?
One of the means by which animals can potentially correct or compensate suboptimal choices,
in a sexual selection context, is extra pair sexual behaviour. In Chapter 3, our results showed
that different combinations of traits where related to the intensity of nest defence (Paper 3),
and implied differences in paternity loss (Paper 4). These findings suggest that males might be
using different strategies to maximize their qualities.
Could personality drive these and other strategies? Recent studies show that extra pair
paternity is related to exploratory behaviour in the great tit (van Oers et al. 2008; Patrick et
al. 2011). Interestingly, in one of the populations studied, male fast explorers tended to gain
more paternity outside their social pair, but that implied a loss of paternity within the social
nest (Patrick et al. 2011). Exploratory behaviour is often related to activity levels, risk-taking
and boldness (Groothuis & Carere 2005). These behavioural traits could help to explain the
preference of different individuals for a certain reproductive strategy. However, given that extra
pair sexual behaviour implies more than a single individual, future studies taking every part of
the conflict into account are needed to disentangle this problem.
In Chapter 4, we observed that, very often, female siskins seem to trust their own experience
over the information obtained from colour signals. Personality could also potentially interact
with the use of signals at individual level. For example, personality is known to affect the use of
social information: individuals showing certain personality traits might be more prone to follow
other individual’s example (Kurvers et al. 2010b). We could expect, then, that individuals
bearing different personalities also show a different tendency to use the information obtained
from quality signals, probably not only in social contexts, but also in sexual selection.
The study of the effect of personality in the function and use of colour signals will undoubtedly
prove a prolific and interesting line of research.
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Conclusions
- The carotenoid based yellow wing stripe of the siskin reflects the individual’s ability to
solve foraging problems. Evolution may have provided female siskins with tools to evaluate
the cognitive performance of the males.
- The melanin based black bib of male siskins predicts their exploratory behaviour and could
be used as a source of valuable social information.
- Colour signals based on different pigments have separate functions in the siskin, allowing
multiple criteria in sexual (and social) selection (Candolin 2003).
- The different qualities signalled by melanin and carotenoid-based colour signals of male
great tits seem to be implicated in intraspecific nest defence and extra pair paternity. The
interactions observed between these signals suggest that male great tits might be following
different reproductive strategies according to their individual quality.
- Familiarity adds to attractiveness when female siskins choose a mate. Our results stress
that, at least in some species, females use multiple criteria in mate choice, not necessarily
related to external signals of quality, such as colouration.
- Multiple qualities, signalled by different colour traits, have the potential to be part of
different successful social and sexual mate choice strategies, aiding a more plastic selection.
Our results support the hypothesis that selection plasticity could be one of the mechanisms
behind the origin and maintenance of multiple signals (Bro-Jørgensen 2010).
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Resumen en Castellano
Introduccio´n
En procesos de seleccio´n sexual o social, los animales emplean diferentes estructuras para
sen˜alizar sus cualidades. El uso de sen˜ales mu´ltiples esta´ ampliamente extendido, siendo comu´n
en numerosas especies (Candolin 2003) y, sin embargo, las razones u´ltimas para usar ma´s de
una sen˜al no son fa´ciles de explicar. ¿Por que´ muchas especies invierten en sen˜ales mu´ltiples,
pudiendo concentrarse so´lo en una?
Existen numerosas hipo´tesis al respecto (Candolin 2003). Entre ellas, destacan por su intere´s
evolutivo aquellas que proponen que las sen˜ales mu´ltiples son caracteres adaptativos, como la
hipo´tesis de Mu´ltiples Mensajes (Møller & Pomiankowski 1993; Hill & McGraw 2006; Senar &
Quesada 2006). Esta hipo´tesis propone que diferentes sen˜ales proporcionan informacio´n acerca
de diferentes cualidades, que pueden ser evaluadas en conjunto o individualmente por distintos
receptores.
Tradicionalmente, estas hipo´tesis adaptativas se han supuesto en escenarios esta´ticos, bajo
presiones de seleccio´n constantes (Bro-Jørgensen 2010). Sin embargo, se ha propuesto la necesi-
dad de ampliar este marco esta´tico, para dar cabida a la plasticidad de seleccio´n resultante de
la heterogeneidad ambiental (Cornwallis & Uller 2010).
Una reciente revisio´n sugiere que estas presiones fluctuantes del ambiente podr´ıan tener un rol
importante en el origen y mantenimiento de las sen˜ales mu´ltiples (Bro-Jørgensen 2010). En un
ambiente donde los cambios ocurren ma´s ra´pido cada d´ıa, las sen˜ales mu´ltiples podr´ıan permitir
una seleccio´n ma´s dina´mica y flexible (Bro-Jørgensen 2010). Las implicaciones evolutivas de
esta hipo´tesis enfatizan la importancia de realizar nuevos estudios sobre sen˜ales mu´ltiples.
El color del plumaje de las aves y su papel en la sen˜alizacio´n mu´ltiple
Muchas de las coloridas estructuras que podemos observar en el plumaje de las aves son sen˜ales
de calidad individual, fruto de seleccio´n intersexual y competicio´n directa entre individuos del
mismo sexo (Andersson 1994; Berglund et al. 1996).
Estas sen˜ales pueden ser clasificadas segu´n sus or´ıgenes, los cuales a menudo tambie´n deter-
minan las funciones de esas sen˜ales, dados los diferentes costes de produccio´n de cada tipo de
sen˜al (Badyaev & Hill 2000; Fitze & Richner 2002; Senar et al. 2003).
Dos de los pigmentos ma´s comunes en el plumaje de las aves son las melaninas, responsables,
principalmente, de colores oscuros y pardos, y los carotenoides, que suelen ser los pigmentos
encargados de colorear estructuras amarillas, rojas o anaranjadas (Hill & McGraw 2006).
Las melaninas son sintetizadas por el propio organismo, y su produccio´n esta´ controlada
gene´ticamente (Buckley 1987), aunque tambie´n puede ser afectada en parte por el ambiente
(Galva´n & Alonso-Alvarez 2009). Los animales, sin embargo, no pueden sintetizar carotenoides
y han de obtenerlos a trave´s de la dieta (Goodwin 1984).
Las diferencias entre estos pigmentos han llevado a plantear que melaninas y carotenoides
podr´ıan sen˜alizar distintos componentes de calidad (Møller & Pomiankowski 1993; Hill & Mc-
Graw 2006; Senar & Quesada 2006). Y as´ı, por ejemplo, mientras estructuras coloreadas por
carotenoides podr´ıan proporcionar informacio´n acerca de niveles de endopara´sitos y respuesta
inmune, las melaninas ser´ıan mejor reflejo de salud nutricional, ectoparasitismo y niveles hor-
monales relacionados con comportamientos agon´ısticos y competicio´n intrasexual (Jawor & Bre-
itwisch 2003; Hill & McGraw 2006; Quesada & Senar 2007). Esta diferenciacio´n da soporte a
la hipo´tesis de que mu´ltiples sen˜ales de colores podr´ıan sen˜alizar diferentes cualidades del indi-
viduo a trave´s de esos diferentes pigmentos (Candolin 2003). Sin embargo, estas diferencias han
sido recientemente cuestionadas (Griffith et al. 2006), y se requieren estudios adicionales de las
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posibles diferentes funciones de caracteres basados en melaninas y carotenoides, idealmente en
especies que presenten de forma simulta´nea estos dos pigmentos.
El carbonero comu´n (Parus major) y el lu´gano (Carduelis spinus) son dos especies de aves
en las que los dos tipos de pigmentos esta´n presentes. En esta tesis se realizaron diferentes
experimentos con estas aves como modelos, con el objeto de alcanzar los siguientes objetivos.
Objetivos
- Investigar si melaninas y carotenoides sen˜alizan diferentes cualidades del individuo, per-
mitiendo mu´ltiples criterios en seleccio´n sexual y social (Candolin 2003). Se estudio´ la
posible sen˜alizacio´n de dos cualidades que pueden determinar en gran medida la respuesta
a variaciones ambientales: capacidad cognitiva y personalidad.
- Examinar co´mo las sen˜ales mu´ltiples basadas en diferentes coloraciones pueden afectar el
comportamiento sexual extra pareja. Este importante componente de la seleccio´n sexual
es considerado un mecanismo clave a la hora de superar las consecuencias negativas de un
ambiente fluctuante (Botero & Rubenstein 2012).
- Explorar co´mo mu´ltiples caracter´ısticas de un individuo interactu´an a la hora de determi-
nar la seleccio´n de pareja. ¿Conf´ıan los animales ciegamente en las sen˜ales, o tambie´n tiene
importancia su experiencia previa? La familiaridad podr´ıa tener una funcio´n potencial en
la seleccio´n de pareja, siendo especialmente relevante en un ambiente variable, en el que
algunas sen˜ales de calidad podr´ıan perder fiabilidad.
Resultados, discusio´n y conclusiones
En el primer cap´ıtulo se examino´ la funcio´n sen˜alizadora de la banda alar amarilla del lu´gano, un
ornamento sexual basado en carotenoides. Para ello se midio´ la habilidad de diferentes machos
de lu´gano a la hora de resolver un problema de forrajeo y se relaciono´ esta habilidad con la
longitud de sus bandas alares. El experimento mostro´ que machos con bandas alares mayores
eran ma´s ra´pidos resolviendo el problema. Estos resultados sugieren que podr´ıa existir seleccio´n
sexual de habilidades cognitivas en el lu´gano, a trave´s de una sen˜al basada en carotenoides.
En el segundo cap´ıtulo, estudiamos la funcio´n del babero negro del lu´gano como posible
fuente de informacio´n acerca de la personalidad del individuo. Para ello, examinamos la tenden-
cia exploratoria de varios machos de lu´gano, colocando un objeto novedoso en la jaula de cada
ave, y midiendo el tiempo que cada individuo empleaba en acercarse a dicho objeto nuevo. Des-
cubrimos que lu´ganos con baberos negros de mayor taman˜o mostraban latencias de aproximacio´n
ma´s cortas. Este hallazgo apoya la idea de que ornamentos del plumaje pueden proporcionar
informacio´n acerca de diferentes rasgos de la personalidad del individuo.
Los resultados de estos dos primeros cap´ıtulos ponen de manifiesto que sen˜ales de colores,
basadas en diferentes pigmentos, tienen funciones distintas en el lu´gano, permitiendo un criterio
mu´ltiple en contextos de seleccio´n social y sexual (Candolin 2003).
En el tercer cap´ıtulo se examino´ co´mo las sen˜ales mu´ltiples basadas en diferentes coloraciones
pueden afectar el comportamiento sexual extra pareja. Para ello, evaluamos la respuesta de
distintos machos de carbonero a intrusiones territoriales experimentales en sus nidos. Pudimos
constatar que la respuesta agon´ıstica de los machos residentes depend´ıa de la interaccio´n entre la
corbata negra, basada en melaninas, y la coloracio´n amarilla, basada en carotenoides, del pecho
de estos machos residentes. Aquellos machos cuyo plumaje amarillo mostraba altos niveles de
saturacio´n y, al mismo tiempo, presentaban una corbata negra de mayor taman˜o, defendieron
de forma menos intensa su nido que individuos que mostraban so´lo altos niveles de calidad en
uno de los dos ornamentos.
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Tras realizar pruebas de paternidad, observamos que los machos que mostraban altos niveles
de calidad en ambos tipos de ornamentos sufr´ıan tanta infidelidad por parte de sus parejas como
los individuos con ornamentos de peor calidad. Sin embargo, aquellos individuos que mostraban
altos niveles de calidad en uno so´lo de sus ornamentos parec´ıan ser mucho ma´s efectivos a la
hora de mantener su paternidad intacta. Estos resultados sugieren que los machos de carbonero
podr´ıan estar siguiendo diferentes estrategias reproductivas de acuerdo con su calidad individual.
En los u´ltimos an˜os esta´ adquiriendo gran importancia el estudio de la interaccio´n entre
sen˜ales que se seleccionan direccionalmente (ej. ornamentos sexuales) y otras caracter´ısticas sin
ese tipo de seleccio´n, como por ejemplo la compatibilidad o la familiaridad (Colegrave et al. 2002;
Joly 2011; Thunken et al. 2012). En el u´ltimo cap´ıtulo, examinamos las posibles interacciones
entre ornamentos sexuales y la experiencia previa (i. e. el grado de familiaridad). Mediante
experimentos de seleccio´n de pareja en lu´ganos, analizamos co´mo ornamentos y familiaridad so-
cial interactu´an para influir la seleccio´n de pareja. Los resultados mostraron la preferencia de la
hembra por machos conocidos, al seleccionar entre machos familiares y desconocidos, si sus orna-
mentos sexuales eran similares. Al seleccionar entre un macho desconocido muy ornamentado y
un macho familiar menos ornamentado, las hembras no mostraron en promedio una preferencia
significativa por ninguno de los dos. Nuestros resultados sugieren que la familiaridad puede ser
tan importante como los ornamentos sexuales a la hora de determinar el comportamiento de la
hembra en contextos de seleccio´n sexual.
Esta Tesis, en definitiva, profundiza en el hecho de que las mu´ltiples cualidades de un in-
dividuo, reflejadas en distintas sen˜ales de color, tienen el potencial de ser parte de mu´ltiples
estrategias va´lidas en seleccio´n sexual y social, permitiendo una seleccio´n ma´s pla´stica. Los
resultados de esta tesis apoyan la hipo´tesis de que la plasticidad de seleccio´n podr´ıa ser uno de
los mecanismos tras el origen y mantenimiento de las sen˜ales mu´ltiples (Bro-Jørgensen 2010).
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PAPER 1
Sexy birds are superior at solving a
foraging problem
Fernando Mateos-Gonzalez, Javier Quesada and Juan Carlos Senar
Published in Biology Letters
Resumen en castellano
Las coloraciones amarillas, rojas o naranjas, basadas en carotenoides, que adornan el
plumaje de los machos en muchas especies de aves, funcionan a menudo como sen˜ales indi-
cadoras, ofreciendo a las hembras que buscan pareja informacio´n acerca de caracter´ısticas
del macho tales como su condicio´n corporal, su salud o su habilidad para encontrar alimento.
Sin embargo, esta general “habilidad para encontrar alimento” no se ha podido definir exac-
tamente hasta ahora. En este estudio pudimos constatar que machos de lu´gano (Carduelis
spinus) ma´s ornamentados muestran una mayor habilidad resolviendo problemas de for-
rajeo. Estos resultados ponen de manifiesto que la evolucio´n podr´ıa haber proporcionado
a las hembras una herramienta para evaluar las habilidades cognitivas de sus potenciales
parejas.
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Sexy birds are superior at
solving a foraging problem
Fernando Mateos-Gonzalez1,*, Javier Quesada1,2
and Juan Carlos Senar1
1Behavioural and Evolutionary Ecology Research Unit (CSIC ), and
2Catalan Ornithological Institute, Natural History Museum of Barcelona,
Pº Picasso s/n, 08003 Barcelona, Spain
*Author for correspondence ( fernandomateos@gmail.com).
Yellow, red or orange carotenoid-based colorations
in male birds are often a signal to prospecting
females about body condition, health status and
ability to find food. However, this general ‘ability
to find food’ has never been defined. Here we
show that more brightly ornamented individuals
may also be more efficient when foraging in
novel situations. The results highlight the fact
that evolution may have provided females tools to
evaluate cognitive abilities of the males.
Keywords: Carduelis spinus; problem-solving;
foraging ability; coloration
1. INTRODUCTION
The plumage of many bird species is coloured by caro-
tenoids. Since carotenoid pigments must necessarily be
acquired from food, it has long been suggested that
bright coloration in males signals their ability to pro-
cure these compounds [1–3]. It is not yet known,
however, what exactly is implied by this ability.
The siskin (Carduelis spinus) is a small finch that has
a yellow stripe on its wings. The length of this stripe is
assessed by females when selecting a mate [4]. The aim
of the present study was to investigate whether the size
of this patch could be used to discriminate between
males that perform differentially a foraging task. As
an index of this ability, we examined how siskins per-
formed in accessing food from a partially blocked
feeder. The task required birds to remove one or two
toothpicks from the feeder in order to reach the pine
seeds below. We used the time taken to access the
food as a measure of performance.
2. MATERIAL AND METHODS
Male siskins (C. spinus) used in the experiments (n ¼ 29) were cap-
tured in northeast Spain in the autumn and winter of 2007–2008.
Birds were separated in groups of four and kept in cages provided
with eight feeders spaced along 1 m. This prevented competition
for food within the group. To estimate overall patch size, we
measured the length of the yellow stripe on the primary wing feather
six (P6) (descendent) from the distal edge of primary covert four to
the distal end of the yellow colouring, according to Senar & Escobar
[5]. This measurement is strongly correlated with the size of the
whole yellow patch [5]. Siskins also show a black badge that reflects
their dominance within the social group. The size of this black badge
is uncorrelated with the yellow wing strip length [6,7]. We also
measured the size of this black patch, following Senar et al. [6].
Four hours before the trial, birds were isolated and food-deprived
to foster motivation. After fasting, a small feeder containing pine
seeds was placed on an elevated platform in each test cage. Access
to the pine seeds was partially blocked by toothpicks that were criss-
crossed from side to side through lateral holes in the feeder. The
toothpicks protruded 4 cm on each side. The birds could see the
food, but they were unable to reach it without removing at least
one of the sticks. They could do this by moving them sideways,
until one end of the stick slid out of the side hole in which it was
inserted.
An observer measured the time spent by each bird from the moment
they landed on the platform or on the feeder trying to get the food, until
the moment when they solved the problem, reaching the pine seeds. If
the bird did not go on the platform within 3 min, the trial was considered
ended. The maximum time set to solve the problem once birds reached
the platform was 5 min. Each bird was observed for a maximum of five
trials. If, for instance, a bird got the food source in the third trial, after
62 s, we computed 300þ 300 þ 62 s as the total time needed to solve
the problem.
We analysed, using generalized linear models (GLM), differ-
ences in the length of the yellow wing stripe, measured on
primary six (n ¼ 29), between slow and fast problem solvers, includ-
ing age (yearling versus adult) as a covariate. We defined slow
solvers as birds that either did not solve the problem or needed
more than one trial to solve the problem (greater than 300 s).
Fast solvers were defined as birds that solved the problem within
the first trial (less than 300 s). Time to solution was then related
to the length of the yellow wing stripe, age, size of the black
badge and size of the bird (as measured from tarsus length), using
a Cox proportional hazards regression model (n ¼ 21). All analyses
were implemented in the R statistical computing environment,
v. 2.12.2 [8]. Cox regressions were applied using the survival
package [9].
3. RESULTS
Results showed that fast problem solvers had longer
yellow wing stripes than slow problem solvers (GLM:
t-value ¼ 3.65, p, 0.01; figure 1). Birds with longer
yellow wing stripes solved the problem faster than
those with shorter stripes (table 1 and figure 2).
Neither age, nor size of the black bib, nor size of the
bird (as measured from tarsus length) had any signi-
ficant effect on solving time (table 1). Latency time
to land on the platform/feeder was not related
to the length of the yellow wing stripe (Cox analysis:
z ¼ 0.03, p ¼ 0.98).
4. DISCUSSION
The results of this study showed that the length of the
carotenoid-based yellow wing stripe of siskins is related
to the ability to solve a foraging problem. This trait did
not reflect, though, the latency time to approach the
problem, eliminating the possibility of a neophilia
effect. The approach we used to test their problem-
solving ability may be considered not to measure all
aspects of this ability and to be rather artificial. How-
ever, we chose this approach because evolution
cannot have provided animals with a built-in solution
for novel situations of this type, and they have not
had a chance to learn what to do through trial and
error. This explains why older individuals were not
able to take advantage of their experience. Hence,
the performance shown while facing this novel task
should reflect the ability to solve at least some cat-
egories of problems [10]. Challenges of this type are
not uncommon in nature, and birds are known to
develop singular feeding innovations [11]. A classical
example may be the ability of wild tits to manipulate
and open milk bottles [12].
Traditionally, the idea that carotenoid-based color-
ation is related to foraging ability had been tested
within the framework linking diet to coloration [3].
Here we show that exploiting carotenoids for colouring
ornaments is not only a question of availability and
ingestion but also of ability to get them. Moreover,
while we do not know yet the breadth of the task
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domain over which our index applies, it also appears
that, at least for one dimension of problem-solving,
females’ choice criteria may be adapted to gauge
cognitive performance.
Birds were handled under permission of the Catalan Ringing
Office (ICO) and the Department of Environment,
Generalitat de Catalunya, following Catalan standards for
the use of animals in research.
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Figure 1. Differences in the length of the yellow wing stripe,
measured on primary six (n ¼ 29), between slow and fast
problem solvers. We defined slow solvers as birds that
either did not solve the problem or needed more than one
trial to solve the problem (greater than 300 s). Fast solvers
are defined as birds that solved the problem within the first
trial (less than 300 s). Fast solvers displayed longer yellow
wing stripes than slow solvers (s.e. bars shown).
Table 1. Cox proportional hazards analysis relating length of
the yellow wing stripe, size of the black bib, age and size of
the bird (tarsus length) with the time taken to solve a
foraging problem (n ¼ 21). (Interactions were not included
since they were not significant.)
variable coef exp(coef ) s.e.(coef ) z p-value
yellow
wing
stripe
0.38 1.47 0.18 2.13 0.03
black bib 20.94 0.39 0.60 21.57 0.12
tarsus 20.37 0.69 0.56 20.66 0.51
age 20.02 0.98 0.02 21.10 0.27
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Figure 2. Relationship between the length of the yellow wing
stripe (n ¼ 21) and the time taken to solve the foraging
problem. Birds with longer yellow wing stripes solved
the problem faster (table 1). The figure only includes birds
that solved the problem.
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PAPER 2
Melanin-based trait predicts individual
exploratory behaviour in siskins,
Carduelis spinus
Fernando Mateos-Gonzalez, Javier Quesada and Juan Carlos Senar
Published in Animal Behaviour
Resumen en castellano
Se conoce como personalidad al conjunto de diferencias individuales en el comportamiento,
constantes a lo largo del tiempo y en distintas situaciones. Numerosos trabajos han puesto
de manifiesto que estas diferencias comportamentales pueden afectar la eficacia biolo´gica
del individuo a trave´s de un gran nu´mero de importantes variables, tales como la super-
vivencia, el e´xito reproductor o la dominancia. El importante efecto que la personalidad
tiene sobre esas variables puede llegar a determinar asimismo la seleccio´n o rechazo de un
compan˜ero social o sexual. La existencia de esta presio´n de seleccio´n dependiente de la per-
sonalidad sugiere la posibilidad de la aparicio´n de sen˜ales que informen de diferentes rasgos
comportamentales. Sin embargo, esta probable sen˜alizacio´n de la personalidad apenas ha
sido considerada. En este trabajo, sugerimos que las aves pueden sen˜alizar rasgos de su
personalidad a trave´s del color del plumaje, y probamos esta hipo´tesis en lu´ganos (Carduelis
spinus), relacionando diferentes caracteres del plumaje con la tendencia exploratoria del in-
dividuo. Para medir esta tendencia exploratoria, colocamos un objeto novedoso al alcance
de cada ave, midiendo el tiempo que cada individuo empleaba en acercarse a dicho objeto
nuevo. Descubrimos que lu´ganos con baberos negros de mayor taman˜o mostraban latencias
de aproximacio´n ma´s cortas. Este descubrimiento apoya la idea de que ornamentos del
plumaje pueden proporcionar informacio´n acerca de diferentes rasgos de la personalidad
del individuo.
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Individual behavioural differences, consistent over time and/or across situations, have been included
under the term of personality. These behavioural differences have been shown to affect a variety of major
ecological traits, all of which have a strong effect on the ﬁtness of the individual. However, the
personality of an individual could also have a strong inﬂuence on the decisions of other individuals, in
situations such as selecting or avoiding a social companion or a mate. Under this scenario, indicators of
different personalities would have evolved, but the possible signalling of personality has received little
consideration to date. We hypothesized that birds can signal their personality through feather coloration
and tested this hypothesis in siskins relating different colour patches to their exploration score. To
measure exploration, we presented the siskins with a novel object and calculated how long they took to
approach it. We found that siskins with larger black bibs showed shorter approach latencies. This ﬁnding
supports the idea that plumage coloration traits can provide information about personality traits of the
bearer.
 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Personality describes the phenomenon by which individual
behavioural differences are consistent over time and/or across
situations (Réale et al. 2007). These differences affect a variety of
ecological traits, such as dominance, natal dispersal, offspring
recruitment, territory quality and reproductive performance,
survival and physiological responses to social stress (Réale et al.
2007), all of which have a strong effect on ﬁtness (Smith &
Blumstein 2007). Personality variability can be maintained and
selected by means of natural selection (Dingemanse & Réale 2005)
and/or sexual selection (Schuett et al. 2010). To be sexually
selected, personality, like other traits, should be signalled
(Andersson 1994). Furthermore, in a social context (Tanaka 1996),
these signals could play an important role, for example, when
selecting or avoiding a social companion (Senar & Camerino 1998).
To be able to assess the personality of a possible social mate could
be very relevant. In fact, some researchers have found that an
individual’s behavioural type can affect its performance in a social-
foraging context (Schuett & Dall 2009) and have described how
that individual will use social information (Marchetti & Drent
2000; Kurvers et al. 2010a).
Although possible signalling of personality could be of particular
interest, few studies on this subject have been performed. A recent
study by Garamszegi et al. (2008), however, found that features of
birdsong could correlate with estimates of personality, suggesting
that females could determine and select personality characters
likely to enhance breeding success through a singing-related trait.
Feather coloration could be another channel in birds to inform
about personality. Ducrest et al. (2008) proposed a link between
melanin-based coloration and personality and this link has been
already found in salmonid ﬁshes (Kittilsen et al. 2009) and eastern
Hermann’s tortoises, Eurotestudo boettgerii (Maﬂi et al. 2011).
In birds, dark areas of coloration based on melanin have been
found to function as dominance signals, giving information about
their bearer’s social status and behaviour towards predators and
competitors (Senar 2006). In great tits, Parus major, for instance,
the size of the melanin-based black stripe on the breast has been
related to nest defence (Quesada & Senar 2007) and, indepen-
dently, nest defence has been related to personality (Hollander
et al. 2008). Furthermore, some studies have found dominance
and personality to be related (Verbeek et al. 1999; Dingemanse
et al. 2004; Fox et al. 2009).
Therefore, we could reasonably predict a link between these
melanin-based traits and their bearer’s personality. Siskins, Car-
duelis spinus, are highly sociable birds, often forming ﬂocks even
during the breeding season (Diesselhorst & Popp 1963; Nethersole-
Thompson & Watson 1974). These birds have a black bib, based on
* Correspondence: F. Mateos-González, Behavioural & Evolutionary Ecology
Research Unit (CSIC), Natural History Museum of Barcelona, P Picasso s/n, 08003
Barcelona, Spain.
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melanin, whose size reﬂects their dominance within the social
group (Senar et al. 1993; Senar & Camerino 1998).
It is well established that dominant individuals exploit subor-
dinates, taking advantage of their position to get a larger share of
the resources (Barnard & Sibly 1981; Pulliam & Caraco 1984).
Dominant siskins go further in these demands, even requiring
that their subordinates regurgitate food for them (allofeeding;
Senar 1984).
Dominant siskins are also more aggressive, beginning more
ﬁghts than subordinate ones (Senar 1985), and aggressiveness has
been repeatedly related to boldness (Sih et al. 2004). According to
the ‘life history productivity’ hypothesis (Biro & Stamps 2008),
which proposes that some individuals achieve higher productivity
by displaying a particular behaviour, these bigger-badged, domi-
nant, aggressive, and probably bolder individuals should show
a proactive ‘coping style’ (Koolhaas et al. 1999; Sih et al. 2004) and
be faster explorers. Indeed, aggressive (Dingemanse & de Goede
2004; Bell & Sih 2007; but see Jones & Godin 2010) and domi-
nant (David et al. 2011) animals tend to be more exploratory.
Therefore, wewould expect that siskins with larger bibs would also
show higher levels of exploration. We tested this hypothesis by
measuring the exploration scores of a group of siskins, following
Verbeek et al. (1994), and relating those scores to their black
bib sizes.
METHODS
Male siskins used in the experiments (N ¼ 28) were captured
and ringed in northeast Spain in the autumn and winter of
2007e2008. Bib area was estimated following Senar et al. (1993),
along with age, tarsus size, weight, and the length of the yellow
wing stripe. The latter is a sexual ornament females use when
choosing a mate.
Experiments started approximately 2.5 months after capture.
Each day of the experiment, six birds were randomly housed in
individual cages (1  0.5 m and 0.5 m high) and food deprived for
4 h, prior to the test, to ensure they were motivated to feed. At the
beginning of every trial, a novel red box, containing pine seeds, was
placed on a platform (10 cm high, 10 cm wide, 25 cm long) inside
the cage with the bird. The individual had to reach at least the
platform to see the food inside the box. An observer measured the
time spent by each bird from the moment the box was placed on
the platform until the moment when the bird touched either the
platform or the box. We allowed the bird 3 min to go onto the
platform (a slightlymore conservative latency time than in Verbeek
et al. 1994). If the bird did not go onto the platform within those
3 min, the trial was considered ended and the next bird was tested,
so ensuring that no more than 20 min passed between the ﬁrst and
last bird tested. We performed a maximum of ﬁve trials per bird.
Latency to approach the box wasmeasured as the total time, pooled
across trials, until the bird touched the platform or the box for the
ﬁrst time.
The response included censored observations (birds that did not
approach the novel object). Applying standard statistical methods
to censored data, or not taking them into account, can lead to
biased estimates. A semiparametric survival analysis approach
deals with this problem neatly (Budaev 1997). Hence we applied
a stratiﬁed Cox proportional hazards regression model, a special-
ized nonparametric regression survival analysis, to relate latency to
the length of the yellow wing stripe, age, size of the black bib, size
of the bird (as measured from tarsus length) and weight (N ¼ 28).
All analyses were implemented in the R statistical computing
environment, version 2.12.2 (R Development Core Team 2011). Cox
regressions were applied using the survival package (Therneau &
Lumley 2011).
Ethical Note
Birds were trapped using a funnel baited trap (2  1 m and
0.75 m high), which works as a permanent feeding station when
not activated. They were transported to the laboratory in wooden
transport cages (0.25  0.20 m and 0.10 m high) in small groups
(four or ﬁve birds per cage) and then, upon arrival, relocated into
aluminium housing cages (1  0.5 m and 0.5 m high). They were
provided with plastic perches and natural branches. Siskins readily
habituate to captivity, resuming feeding almost immediately after
capture. They were fed with a complete mixture of commercial
seeds and water with vitamins ad libitum. Cuttlebones were
provided as a complementary source of calcium. Birds not only
maintained their weight during captivity but many individuals
even gained weight. They were kept for additional experiments in
the laboratory for 12 months and then released in the following
wintering season at the location of their capture, when conspeciﬁcs
were detected. They joined them and resumed feeding at the
feeders with apparent normality. All the birds were healthy on
release. Birds were handled under permission of the Catalan
Ringing Ofﬁce (ICO) and the Department of Environment, Gen-
eralitat de Catalunya, following Catalan standards for the use of
animals in research.
RESULTS
Individuals with larger black bibs showed a shorter latency to
approach the novel object (Fig. 1). Age, size, weight and the length
of their yellow wing stripe did not have any inﬂuence on this
latency (Table 1).
DISCUSSION
In line with our prediction, siskins with larger black bibs were
also more likely to approach a novel object, denoting a higher level
of exploration. Siskins with larger black bibs had previously
been found to be dominant within the group (Senar et al. 1993;
Senar & Camerino 1998) and also more aggressive (Senar 1985),
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Figure 1. Survivorship plot function for tendency to approach a novel object. It shows
the proportion of siskins that did not approach the object (‘surviving’) up to the
respective time interval. Birds (N ¼ 28) are represented according to the size of their
black bib, which shows a high bimodality in the population (Ripoll et al. 2004).
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a behavioural trait repeatedly related to boldness (Sih et al. 2004).
Hence, we suggest that siskins with larger bibs are showing
a proactive ‘coping style’ (Koolhaas et al. 1999; Sih et al. 2004).
Even though our test was performed only once, we are conﬁdent
of the repeatability of the exploration trait. There is strong support
for consistent individual differences (Bell et al. 2009) and, as argued
in Fox et al. (2009), individual measures of exploratory behaviour in
similar species are typically repeatable for long periods (e.g.
Verbeek et al. 1994; Dingemanse et al. 2002; Drent et al. 2003;
Quinn & Cresswell 2005).
Melanin-based coloration is linked to several physiological,
morphological and behavioural traits (Roulin 2004) and it has been
proposed that these links originate in the pleiotropic effects of the
genes regulating the synthesis of melanin (Ducrest et al. 2008).
Accordingly, it has been found that, for example, darker eumelanic
barn owl, Tyto alba, nestlings cope better with stress, releasing
less corticosterone after a stressful event (Almasi et al. 2010).
Dominant siskins, bearing larger eumelanic bibs, also seem to
handle stress better than subordinates, according to their metabolic
rate (Senar et al. 2000). This greater ability to copewith stress could
be the reason behind their faster response to a novel object and
should thus reﬂect a superior ability to handle, for example, the
stressful factors of a different environment (Almasi et al. 2008;
Roulin et al. 2008).
Foraging tactics, as in the producerescrounger game (Barnard &
Sibly 1981), have been found to be affected by personality (Kurvers
et al. 2010b) and the signalling of different personalities could help
to shape these foraging tactics.
In siskins, the ability to solve foraging problems is signalled by
a different trait: the length of a yellow wing stripe (Senar & Escobar
2002; Mateos-Gonzalez et al. 2011). This ability to solve problems is
not related to the size of the black bib. However, a bird’s way of
approaching a foraging problem (and its chances of ﬁnding food)
might be very different depending on its personality. It is known
that females choose their mates by the size of this yellow wing
stripe (Senar et al. 2005) and that foraging siskins tend to avoid
conspeciﬁcs showing larger black bibs, probably to avoid possible
aggressive interactions (Senar & Camerino 1998). It is very prob-
able, then, that both signals have a shared inﬂuence when siskins
are choosing a mate or a social companion. The length of the yellow
wing stripe gives valuable information about the foraging ability of
the individual, but surely siskins can also assess their companions’
personality through their melanin traits and, thus, they might be
able to reﬁne their selection. Hence, most probably, siskins are not
only trying to keep away from aggressive birds with larger black
bibs but also actively selecting smaller black-badged, slow-explorer
individuals as social companions. The latter, apart from being less
aggressive, are lesser risk-takers (van Oers et al. 2004) and their
personality helps them to identify and avoid potentially dangerous
aposematic prey (Exnerová et al. 2010). Despite their greater
wariness, slow birds are active foragers that explore their envi-
ronment more thoroughly than faster birds (Verbeek et al. 1994).
They could therefore be a potential source of high-quality social
information and this additional worth could be assessed a priori
using this personality signal, which would help to modulate the
response to the length of the yellow wing stripe.
Could there then be some selective advantage for dominant,
fast-explorer birds? These dominant, fast explorers with large bibs
could have a potential survival advantage, owing to their prefer-
ential access to resources. However, in this species, dominant
individuals mainly ﬁght among themselves, in like-versus-like
aggression (Senar et al. 1989, 1997), leaving lower-ranking indi-
viduals relatively free from aggression. Also, female siskins do not
choose mates based on this trait (Senar et al. 2005) and, accord-
ingly, theoretical models suggest that the relationships among
survival, reproductive and aggression rates of dominants and
subordinates probably maintain the evolutionary stability of the
system, nicely reﬂected by the binomial frequency distribution of
bib sizes in nature (Ripoll et al. 2004). Additionally, empirical
studies suggest that, in these ‘feudal’ species, in which dominants
ﬁght only among themselves, both classes even manage to achieve
similar survival rates (Senar & Domènech 2011), so it is likely that
these are two alternative, equally valid strategies.
In conclusion, our results support the idea that black, melanin-
based traits that act as badges of social status within the group
probably also reﬂect inner qualities about the personality of the
bearer.
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PAPER 3
Conspecifc nest defence is reflected in
both melanin and carotenoid-based
traits in the great tit Parus major
Margarida Barcelo´, Fernando Mateos-Gonzalez and Juan Carlos Senar
Manuscript
Resumen en castellano
El plumaje del carbonero comu´n (Parus major) incluye una banda negra ventral cuya
coloracio´n esta´ basada en melaninas. Este ornamento funciona como una sen˜al social,
cuyo taman˜o refleja la dominancia y agresividad del individuo. Esta sen˜al tambie´n ha
sido relacionada con el grado de defensa del nido contra predadores: Aves con bandas
mayores defienden ma´s intensamente sus nidos contra predadores que individuos con bandas
menores. Los carboneros son muy territoriales y tambie´n defienden sus nidos de intrusos
de su misma especie, protegiendo sus recursos e intentando evitar pe´rdidas de eficacia
biolo´gica en forma de infidelidad. Podr´ıa esperarse, entonces, que la misma sen˜al basada
en melanina tambie´n estuviera relacionada con esta defensa contra conespec´ıficos. En este
estudio, examinamos la respuesta de machos de carbonero a intrusiones experimentales
de conespec´ıficos. Pudimos observar que la respuesta agon´ıstica de los machos residentes
depend´ıa de la interaccio´n entre la corbata negra, basada en melaninas, y la coloracio´n
amarilla, basada en carotenoides, del pecho de estos machos residentes. Aquellos machos
cuyo plumaje amarillo mostraba altos niveles de saturacio´n y, al mismo tiempo, presentaban
una corbata negra de mayor taman˜o, defendieron de forma menos intensa su nido que
individuos que mostraban so´lo altos niveles de calidad en uno de los dos ornamentos.
Estos resultados sugieren que los machos de mayor calidad podr´ıan estar invirtiendo ma´s
en estrategias alternativas con un beneficio potencialmente mayor, tales como la bu´squeda
de co´pulas extra-pareja, en la que probablemente sera´n ma´s exitosos que otros machos con
ornamentos de menor calidad.
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Conspecific nest defence is reflected in both
melanin and carotenoid-based traits in the great
tit Parus major
MARGARIDA BARCELO´, FERNANDO MATEOS-GONZALEZ
& JUAN CARLOS SENAR
Behavioural & Evolutionary Ecology Research Unit (CSIC), Natural History Museum of Barcelona.
Great tits show a melanin-based black tie that works as a social signal, reflecting dominance
and aggression levels. This trait has also been related to nest defence against predators: birds
with larger black ties defend more intensely their nests in front of a predator than individuals
with smaller ties. great tits are also highly territorial against conspecifics, defending their
resources and trying to avoid fitness loss in form of cuckoldry. It would be expected, then,
that the melanin-based trait would give information about its bearer’s level of nest defence
also against conspecifics. In this study we tested the response of male great tits against an
experimental conspecific intrusion. Our results showed that the agonistic response of resident
males against conspecific intrusions was driven by the interaction between the black tie size
and the carotenoid yellow colouration of the chest. Males with large black ties, whose yellow
chest plumage showed also higher levels of chroma – a trait often related to individual quality
– displayed a less intense conspecific nest defence than males with either only a large black tie
or high levels of chroma. These results suggest that males of highest quality might be investing
more in alternative strategies with a higher revenue in fitness, such as the search of extra-pair
copulations, in which they can be more successful than males with duller traits.
Plumage colouration is known to be a reliable indication of
individual quality that often plays a major role in sexual
selection and social competition (Rohwer & Rohwer 1978;
McGraw 2006a, b). This colouration results, among oth-
ers, from the microstructure of the feathers, from pigment
deposition such as melanins and carotenoids (Fox 1976;
Brush 1978), or from different combinations of these (Hill
& McGraw 2006).
Animals acquire carotenoids only by ingestion (Good-
win 1950; Brush 1978) and, as a result, ornaments based
on these pigments are often related to foraging abilities
(Hill & Montgomerie 1994; Senar & Escobar 2002; Hill
& McGraw 2006; Mateos-Gonzalez et al. 2011). How-
ever, melanins are synthesized by the individual itself and
melanin-based traits are instead often involved in intrasex-
ual competition, as signals of social status (Rohwer 1975;
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Senar 1999, 2006).
Great tits (Parus major) are small passerine birds
that present both kinds of signals: a typical melanin-based
ventral black tie, crossing bright yellow, carotenoid-based
plumage (Lemel & Wallin 1993; Senar 2006; Quesada &
Senar 2007). Since long, it is known that a larger black tie
implies more dominance and aggressiveness in this species
(Ja¨rvi & Bakken 1984; Po¨ysa¨ 1988). Additionally, males
with larger, melanin-based, black ties have been found to
defend their nests more intensely against predators (Nor-
ris 1990; Quesada & Senar 2007).
Great tits also defend their nest and surroundings
against conspecific intrusions (Slagsvold et al. 1994). Usu-
ally, these intrusions are performed by males looking for
extra-pair copulations (EPC) (Lubjuhn et al. 1999). This
behaviour can provide important benefits to the intruder,
such as a direct fitness increase, a potential new mate ac-
quisition or, should the intruder be already paired, an in-
surance in case of social mate infertility. The resident
female can gain genetic diversity and quality, and, like
the intruder, compensate for a potential infertility prob-
1
lem of the social partner (Birkhead & Møller 1992). An
important reason to avoid conspecific intrusions is that
the resident male faces a risk of losing within pair pater-
nity (Westneat & Stewart 2003). Great tits also try to
avoid conspecific intrusions to maintain their own terri-
tory (Slagsvold et al. 1994), especially their nest hole, a
limited resource for which there is high competition (East
& Perrins 1988; Gustafsson 1988; Newton 1994; Yom-Tov
2001).
Given that individuals with a larger black tie are
known to be more aggressive (Ja¨rvi & Bakken 1984; Senar
2006; Quesada & Senar 2007) and defend their nest more
strongly against predators (Quesada & Senar 2007), we
could predict that males with larger black ties should also
show a more intense defensive behaviour against conspe-
cific intruders. We tested this prediction by experimen-
tally simulating interspecific intrusions, measuring the re-
sponse of local males and relating this response to their
plumage colouration.
METHODS
The experiment was carried out at Can Cata` field sta-
tion, during the breeding season of 2011. This station is
located in a Mediterranean mixed forest, with deciduous
oak (Quercus cerrioides) at the bottom of the valleys and
aleppo pine (Pinus halepensis) forest on the hills, near
the city of Barcelona (northeast Iberian Peninsula) (see
Figuerola & Senar (2005) for more details). There were
179 nest boxes distributed in the study area (80ha), mainly
occupied by an established population of great tits.
At the beginning of the breeding season, mid March,
we started visiting the nest boxes every three days to es-
tablish nest state, laying day, hatching day and brood size.
Since nest attendance is highest during brood rear-
ing this increases the prospects of the resident male to
detect an intrusion. We decided to perform our exper-
iments during this period, when nestlings were between
nine and ten days old. Neighbour intrusions are most fre-
quent during the female fertile period (Ford 1983; Møller
1987), but latter intrusions are equally repelled, for ex-
ample, to keep the highly valuable nest holes (Gustafs-
son 1988). We could expect that these latter conspecific
intrusions would receive similar levels of rejection as ear-
lier ones, given that aggressiveness is a personality trait
that shows relative consistency across contexts and situa-
tions (Sih et al. 2004; Dingemanse & Re´ale 2005; Re´ale
et al. 2007). Accordingly, previous work in great tits
has shown no significant differences in male aggressive be-
haviour against conspecifics between egg laying and later
stages (Janssens et al. 2003).
The nest defence behaviour of resident males was
recorded following van Duyse et al. (2002) and Janssens
et al. (2003). We placed a live male great tit decoy in a
small cage, on top of every nest box (N=23), to simulate a
territorial intrusion. At the start of the test, we played 30
seconds of a great tit song, at a natural volume, meant to
attract the attention of the nest owner. The observer was
hidden in a car at 10-15 meters away from the nest box.
When there was no reaction from the resident male in 5
minutes, the playback was used again during 30 additional
seconds.
Once the resident male was spotted, we observed the
aggressive behaviour of the resident male during 10 min-
utes. The aggressive behaviour of the resident male was
estimated using four parameters: 1) minimum distance
at which the male approached the decoy bird (Distance),
2) number of direct aggressive attacks performed by the
resident male to the decoy (Attacks), 3) number of aggres-
sive displays carried out by the resident male to the decoy
(Displays), and 4) total time the resident male spent on
top of the decoy’s cage (TT).
When the chicks were 15 days old, their parents were
captured. Parents and nestlings were ringed, and tarsus
length measured. Sex and age of birds were determined
according to Svensson (1992) and Jenni & Winkler (1994).
We measured the size of the black tie area taking digital
photos and processing them with Image Tool 2.0 software,
following Figuerola & Senar (2000) and Quesada & Senar
(2007). We also took yellow plumage colouration values
using a Minolta CR200 portable colorimeter, which pro-
vides independent values of hue, chroma and lightness fol-
lowing Figuerola et al. (1999).
As we did not know a priori which conspecific nest
defence behaviours were of importance, and we wished
to avoid making an arbitrary choice of variables, we per-
formed a principal component analysis (PCA) with all the
defence measures.
We retained the first factor for further analyses (eigen-
value >1), this component could be taken as a composite
measure of defensive behaviour (Quesada & Senar 2007;
Table 1). Then we performed a multiple regression to anal-
yse the effect on territorial defence of plumage coloura-
tion, tarsus length, age of the resident male, number of
nestlings and date of the experiment, and the interactions
between the different colour parameters. Lightness was
not included in the model, as this variable was correlated
to chroma. The full model was then stepwise reduced un-
til the final model contained only factors with an associ-
ated p<0.10, to produce the best-fit model (Sokal & Rohlf
1995).
All statistical tests were performed using R v. 2.12.2
(R development core team 2011). The graph (Fig. 1) was
made using Statistica software v. 8.
Table 1. Principal component analysis (PCA) of terri-
torial nest defence variables. Eigenvalue for PC1=1.62.
Cumulative proportion of explained variance = 65%.
(TT=total time the resident male spent on top of the de-
coy’s cage).
PC1 Factor loadings
Distance 0.40
Attacks -0.51
Displays -0.48
TT -0.59
Ethical note
The great tit used as a decoy was captured in Sarria`, a
suburban area in the outskirts of Barcelona (Spain), an
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area independent from the study field station, not to in-
terfere with the study population.
It was captured in mid March, when the odds of it
having a dependent brood were highly unlikely. The bird
was trapped with a special funnel trap used as a perma-
nent feeding location when not activated, and transported
to our laboratory in a small aluminium and plastic cage
(20x20x15), covered with a dark cloth.
In our laboratory the bird was housed, in an alu-
minium cage (80x40x40 cm) located in a quiet place with
natural sunlight and isolated from human external sounds.
Inside we placed four wooden perches and a small wooden
nest box (20x15x10 cm).
The bird was provided with ad libitum fresh water,
and food (a mix of: living worms (Zophobas morio), pate
of insects (Orlux), fruit supplement (Vitackaft fruit cock-
tail) and peanuts). As food supplements the bird re-
ceived vitamins, antibiotics and antifungals dissolved in
the drinking water (Omni-Vit; Canariz).
During the tests the bird was housed in a small alu-
minium and plastic cage (20x20x15) with two plastic
perches, and provided with water and food. Between the
tests the cage was covered with a dark cloth and placed
in a quiet place not to stress the bird unnecessarily. We
performed a maximum of two-three tests per day. Only on
a few occasions did the tested resident male spend more
than a minute in contact with the cage (TT), but it never
made physical contact with the decoy bird. The decoy bird
responded to the displays but never seemed very stressed.
The decoy bird did not lose weight during captivity,
and was released healthy in the same place of capture by
the end of May.
Animals tested in the wild (adults and nestlings) were
captured inside their nest boxes. We took colour and bio-
metrical data and, as quickly as possible, we released them
again inside their nest box. Birds were handled, ringed
and maintained in captivity under permission of the Cata-
lan Ringing Office (ICO), and following the Catalan stan-
dards for the use of animals in research.
Table 2. Multiple backward regression model of territo-
rial nest defence (PC1) on black tie size (mm2), chroma
and hue of the carotenoid-based yellow plumage of the
chest, brood size, date of the experiment, age and tar-
sus length of the resident male, and interactions between
the different colour parameters (Full model). F10,12=2.35,
p=0.08.
Variable Estimate SE t p
Black tie size -0.86 0.46 -1.87 0.09
Chroma -2.23 4.04 -0.55 0.59
Hue -2.99 2.21 -1.35 0.20
Brood size -0.09 0.26 -0.32 0.75
Age -0.76 0.72 -1.06 0.31
Tarsus length 0.29 0.69 0.43 0.68
Date -0.008 0.10 -0.09 0.93
Chroma*Black tie
size
0.004 0.001 3.45 0.005
Hue*Black tie size 0.007 0.005 1.70 0.12
Chroma*Hue 0.008 0.04 0.22 0.83
RESULTS
Our results show that the nest defence response was mod-
ulated by an interaction between black tie size and yel-
low breast plumage colouration (Tables 2, 3 and Fig. 1).
Males with large black ties, whose yellow chest plumage
also showed higher levels of chroma, displayed a less in-
tense conspecific nest defence than males with either only
a large black tie or high levels of chroma (Tables 2, 3 and
Fig. 1). We found no effects of hue, age, tarsus length,
number of nestlings or date of the experiment.
Table 3. Final model of multiple backward regres-
sion of territorial nest defence (PC1) on black tie size
(mm2), chroma of the carotenoid-based yellow plumage
of the chest and interaction between the two. F3,19=7.49,
p=0.002.
Variable Estimate SE t p
Black tie size -0.09 0.02 -4.05 <0.001
Chroma -1.23 0.36 -3.43 0.002
Chroma*Black tie
size
0.004 0.001 3.77 0.001
Figure 1. Relationship between nest defence (PC1),
chroma of the yellow chest and black tie size (mm2).
DISCUSSION
Our initial prediction was that the black tie size would de-
termine the level of nest defence of male great tits against
a conspecific intrusion. However, the black tie was not
the only trait involved in this response. The agonistic
behaviour of resident males against conspecific intrusions
was driven by the interaction between the black tie size
and the carotenoid yellow colouration of the chest. Males
with large black ties, whose yellow chest plumage also
showed higher levels of chroma, displayed a less intense
conspecific nest defence than males with either only a large
black tie or high levels of chroma.
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When Quesada & Senar (2007) tested the nest de-
fence of great tits against a predator intrusion, they did
not find any such effect of the yellow breast colouration
on the response against a predator. This fact could be
due to the different nature of the intrusions. In the face
of a predator attacking his nest, a male great tit only has
two simple alternatives: to risk his life trying to save his
offspring or to let them die. In this situation, probably
only his own aggressiveness (reflected in his melanin-based
trait; Ja¨rvi & Bakken 1984; Senar 2006; Quesada & Senar
2007), and his potential loss of investment, in terms of
brood size, will have an influence on his decision (Que-
sada & Senar 2007). Individual qualities such as foraging
ability, immunocompetence or parasitic resistance, which
are signalled by yellow carotenoid-based colouration (Mc-
Graw & Hill 2000a,b; Senar et al. 2003; McGraw & Ardia
2007), are irrelevant in this extreme situation. From the
predator’s point of view, this conspicuous yellow coloura-
tion will not very likely make a difference either, given the
dissimilarity in colour vision between these species and
common avian predators (H˚astad et al. 2005). As a con-
sequence, a lack of association between carotenoid-based
colouration and nest defence in the face of predators is
expected (Quesada & Senar 2007).
However, a conspecific intrusion may not be such a
drastic event, assuming a lower risk for the resident male
and his offspring. In this situation, his investment in terms
of brood size would not be so critical. Accordingly, in op-
position to Quesada & Senar (2007), our current experi-
ment showed that the number of nestlings did not have an
effect on the male’s response.
Nevertheless, a conspecific intrusion could imply a po-
tential decrease in fitness in the form of loss of within pair
paternity (Westneat & Stewart 2003), or the loss of the
nest hole, an important limiting factor for this species
(East & Perrins 1988; Gustafsson 1988; Newton 1994;
Yom-Tov 2001). Therefore, a choice must be made, but
now, depending on his individual quality, a male could
choose between investing more in conspecific nest defence
and mate guarding or instead trying to improve his fit-
ness by pursuing EPC (Kokko & Morrell 2005). Following
this hypothesis, we could describe three different groups
of males, according to their quality and potential strategy:
Birds showing small black tie sizes and low yellow
chroma values are likely to be in poor condition (Galvan
& Alonso-Alvarez 2008; Senar et al. 2008). They are
signalling a low individual quality, which probably makes
them less sexually attractive, and therefore, less able to
successfully achieve EPCs (Kempenaers et al. 1992).
Their low condition would probably also hamper their nest
defence/mate guarding. Furthermore, females paired with
these low quality males would be expected to actively seek
EPCs (Kempenaers et al. 1992; Kempenaers 1995). Prob-
ably, despite any mate guarding effort, these males may
be doomed to lose paternity (Kempenaers 1995). This un-
certainty of paternity could make them even more prone
to reduce their investment in nest defence (Lubjuhn et al.
1993).
Males in average condition, enjoying an intermediate
attractiveness, either based on yellow chroma or black tie
size, might be able to achieve more EPCs than lower qual-
ity ones. However, they could still find it more beneficial to
ensure their within-pair paternity by enhancing their mate
guarding strategies. In fact, not so sexually attractive in-
dividuals have been proposed to follow a compensatory
strategy by increasing their aggressiveness (McGraw et al.
2007), mate guarding (Johnsen & Lifjeld 1995), and by in-
vesting more in parental care (Sanz 2001). In turn, when
females detect higher parental effort in their mates, they
are less likely to seek extra-pair mating opportunities dur-
ing second broods (O’Brien & Dawson 2010). This posi-
tive feedback could again reassure the male’s investment
in the nest (Lubjuhn et al. 1993). In fact, in the great
tit, both yellow chroma (Broggi & Senar 2009) and black
tie size (Norris 1990) have been related to parental invest-
ment.
Finally, males that display both high values of yel-
low chroma and large tie sizes are signalling a higher
quality, hence they should be expected to be more sexu-
ally attractive. For these males, it could simply be more
profitable not to invest in conspecific nest defence, given
that agonistic encounters with other males can still be
a risky activity (Senar 2006). High quality males could
instead greatly improve their fitness by pursuing EPCs
(Kokko & Morrell 2005). Being attractive, these males
would be more likely to get EPCs (Birkhead & Møller
1992; Bitton et al. 2007; Balenger et al. 2009). It is even
possible that, despite their lack of commitment, their fe-
males would still keep faithful to them (Kempenaers et
al. 1992; Kempenaers et al. 1997). Even if the lack of
nest defence leads to the possibility of being cuckolded,
the net balance in fitness could still be positive for a sex-
ually attractive male great tit. In conclusion, while male
great tits with a larger melanin-based black tie area de-
fend their nests more intensely against a predator attack
(Quesada & Senar 2007), in the case of a conspecific in-
trusion, the response would be modulated both by that
trait and the carotenoid-based yellow colouration of the
breast. Most probably, resident males are following differ-
ent strategies, according to their sexual attractiveness and
their chances to achieve successful EPCs. Further studies,
directly testing links between colouration and extra-pair
paternity are clearly imperative, and could help to clar-
ify to which extent these different strategies are successful.
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True colours? Within pair paternity loss
is reflected in both melanin and
carotenoid-based colouration in great
tits Parus major
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Resumen en castellano
Aunque la mayor´ıa de las aves son socialmente mono´gamas, es muy comu´n hallar infideli-
dad en muchas especies. El atractivo del macho esta´ considerado como un elemento clave
en el comportamiento extra-pareja y, consecuentemente, varios estudios han explorado el
efecto que sen˜ales basadas en melaninas o carotenoides podr´ıan tener en las probabilidades
de sufrir infidelidad en diferentes especies. Sin embargo, pocos de estos trabajos han tenido
en cuenta ambos tipos de pigmentos al mismo tiempo en una misma especie. El Carbonero
comu´n (Parus major) tiene dos ornamentos basados en esos pigmentos, que sen˜alizan difer-
entes caracter´ısticas del individuo. Uno de ellos, el taman˜o de la corbata negra basada
en melaninas, ha sido relacionado, con diferentes resultados, con el comportamiento extra-
pareja de la hembra. En carboneros, las coloraciones basadas en carotenoides funcionan
como una sen˜al de calidad pero hasta ahora este ornamento no se ha tenido en cuenta al
estudiar los mecanismos del comportamiento extra-pareja en el Carbonero comu´n. En este
trabajo, estudiamos el efecto conjunto que las sen˜ales basadas en carotenoides y melaninas
del carbonero macho podr´ıan tener en el riesgo de sufrir infidelidad. Nuestra prediccio´n
fue que la calidad de estos ornamentos se correlacionar´ıa con tasas de infidelidad ma´s ba-
jas. Sorprendentemente, pudimos constatar que los machos de mayor calidad, aquellos
que mostraban al mismo tiempo corbatas mela´nicas mayores y coloraciones amarillas ma´s
brillantes, sufrieron tanta infidelidad de parte de sus parejas que aquellos que mostraban
ornamentos de la peor calidad, mientras que aquellos que mostraban buena calidad en un
solo tipo de ornamento fueron capaces de mantener ı´ntegra su certeza de paternidad. Estos
resultados sugieren que, en nuestra poblacio´n, los machos de mayor calidad pueden estar
siguiendo una estrategia distinta, maximizando su paternidad extra-pareja en detrimento
de la propia.
77

True colours? Within pair paternity loss is
reflected in both melanin and carotenoid-based
colouration in great tits Parus major
FERNANDO MATEOS-GONZALEZ1, JUAN CARLOS SENAR1
& MATS BJO¨RKLUND2
1Behavioural & Evolutionary Ecology Research Unit (CSIC), Natural History Museum of Barcelona,
Po Picasso s/n, 08003 Barcelona, Spain. 2Department of Animal Ecology, Evolutionary Biology Centre,
Uppsala University, Norbyva¨gen 18D, SE-752 36 Uppsala, Sweden.
Even though most birds are socially monogamous, it is highly common to find extra-pair off-
spring in most species. Male attractiveness is considered to play an important role in extra-pair
paternity behaviour. Consequently, a number of studies has explored the effect that melanin or
carotenoid-based quality signals might have in the risks of suffering or avoiding cuckoldry in dif-
ferent species. However, up to now, no studies have jointly tested both kind of signals in a single
species. In the great tit Parus major, two traits based on these pigments are present, signalling
different qualities of the individual. One of them, the size of the melanin-based black stripe, has
been related, with different results, to extra-pair female choice. In great tits, carotenoid-based
colourations are a well known quality signal but, to our knowledge, up to now no studies have
taken this trait into account when addressing the mechanisms of extra-pair behaviour. In this
study, we tested the joint effect of both carotenoid and melanin-based traits, on the risk of
suffering cuckoldry in the great tit. We predicted that the quality of these traits would correlate
with lower cuckoldry rates. Contrary to predictions, higher quality males, those showing both
larger black stripes and brighter yellow colourations, were as heavily cuckolded as the lowest
quality ones, while those showing high values of only one trait were able to keep higher rates of
within pair paternity certainty. We propose that, in our population, male great tits might be
following a different strategy, depending on their quality.
Key words: Parus major, plumage colouration, carotenoids, melanin, extra-pair paternity.
Even though most birds are socially monogamous, it
is highly common to find extra-pair offspring in many
species (Birkhead & Møller 1992; Birkhead & Møller
1995). Extra-pair sexual behaviour can have important
effects on fitness and, consequently, research efforts have
been aimed to describe causes and consequences of this
behaviour for all parties concerned (Griffith et al. 2002;
Westneat & Stewart 2003). Hence, while the motivation
for females to engage in extra-pair copulations is not so
clear yet, reasons for males to obtain extra pair paternity
Correspondence: Fernando Mateos-Gonzalez; Behavioural
& Evolutionary Ecology Research Unit (CSIC), Natural
History Museum of Barcelona, Po Picasso s/n, 08003
Barcelona, Spain. Email: fernandomateos@gmail.com
and keep their within pair paternity intact, are rather ob-
vious (Dixon et al. 1994; Griffith et al. 2002; Mays et al.
2008). Male attractiveness is considered to play an im-
portant role in extra-pair paternity (Griffith et al. 2002)
and a number of studies have tested the effect of different
male quality traits on the risks of suffering cuckoldry, such
as song quality (Forstmeier et al. 2002), age (Lubjuhn et
al. 2007), condition (Møller et al. 2003), body size (Yez-
erinac & Weatherhead 1997) or plumage traits (Canal et
al. 2011).
Plumage colouration can be, arguably, the most con-
spicuous quality trait in many birds and, as such, has also
received a fair amount of consideration in extra-pair be-
haviour studies, mainly focusing on the two most common
pigments: melanins and carotenoids. However, few stud-
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ies have taken both kinds of signals into account, when
addressing the mechanisms of extra-pair behaviour in a
single species (but see van Dongen & Mulder 2009).
Great tits Parus major are a socially monogamous
species in which extra-pair paternity occurs on a regu-
lar basis (Lubjuhn et al. 1999). These birds show both
kinds of signals on their ventral side: a melanin-based
black breast stripe, crossing bright carotenoid-based yel-
low plumage, and these two traits have been found to func-
tion as signals of different qualities of the individual. The
black stripe has been related to dominance, aggressive-
ness or nest defence against predator intrusions (Ja¨rvi &
Bakken 1984; Norris 1990; Quesada & Senar 2007) and has
been included in several studies testing possible correlates
of male traits to extra-pair paternity behaviour (Krokene
et al. 1998; Strohbach et al. 1998; Kawano et al. 2009).
Of these authors, only Kawano et al. (2009) found that
males with larger black ties suffered less cuckoldry, sup-
porting the “good genes” hypothesis (Kempenaers et al.
1992; Kempenaers et al. 1997). However, neither Krokene
et al. (1998) nor Strohbach et al. (1998) found such an
effect of the melanin-based trait. Kawano et al. (2009)
suggested that one reason for these different results could
be the possible variation in adaptive female choice among
generations or populations (Colegrave et al. 2002).
Another non-exclusive possibility is that the impor-
tance of another variable might have been underestimated.
The yellow ventral colouration of the great tit is also a
quality trait that has been found to signal different char-
acteristics of the individual, such as foraging ability, im-
munocompetence performance or parasitic resistance (Ho-
rak et al. 2001; Senar et al. 2003; Hegyi et al. 2007; Senar
et al. 2008; Eeva et al. 2009). This carotenoid-based trait
has, to our knowledge, never been considered when ad-
dressing the mechanisms of extra-pair behaviour of great
tits. However, a carotenoid supplementation experiment
performed by Helfenstein et al. (2008) strongly suggests
that males showing brighter yellow plumage would be less
prone to suffer paternity loss.
In this study, we tested the joint effect of both
carotenoid and melanin-based traits of the Great tit, on
the risk of suffering cuckoldry, predicting that individu-
als of the highest quality, signalled both by a brighter
carotenoid-based yellow plumage and a larger melanin-
based black tie, would suffer less within-pair cuckoldry
than those showing lesser quality traits.
METHODS
Field site and methods
Data from four different breeding seasons were obtained
in Can Cata`, a field station located in a Mediterranean
mixed forest of deciduous oak (Quercus cerrioides) and
aleppo pine (Pinus halepensis), near the city of Barcelona
(northeast Iberian Peninsula; see Figuerola & Senar (2005)
for more details). There were 180 nest boxes distributed
in the study area (80ha), mainly occupied by an estab-
lished population of great tits. Each breeding season, we
monitored the occupied nest boxes to determine hatching
date and brood size. When the chicks were 14 days old,
parents and nestlings were captured in the nest box and
individually ringed with aluminium numbered rings. Sex
and age of adults were determined according to Svensson
(1992) and Jenni & Winkler (1994). Blood samples were
obtained from the brachial vein of each individual. A
total of 260 chicks and 84 adults were sampled. Seven of
these adults were sampled in at least two breeding seasons.
Colour measurements
To measure the size of the black tie area we took dig-
ital photos and processed them with Image Tool 2.0
software, (see Figuerola & Senar (2000) and Quesada
& Senar (2007) for more details). We also took yel-
low plumage colouration values using a Minolta CR200
portable colorimeter, which provides independent values
of hue, chroma and lightness (Figuerola et al. 1999).
Paternity analysis
Paternity was analysed using PCR amplification of 8
polymorphic DNA microsatellite loci: Pma179, Pma48m,
Pma49m, Pma69u, Pma303 (Kawano 2003) Pca8, Pca7
and Pca9 (Dawson et al. 2000). We followed the poly-
merase chain reaction protocol described in Dawson et al.
(2000) and Kawano (2003).
Data from field observations and paternity analy-
sis results were compared, and nestlings were considered
extra-pair if they mismatched their alleged father at two
or more loci.
Statistical analysis
We calculated the proportion of extra-pair paternity for
each male whose true and extra-pair offspring was known
with certainty (n=18). The proportion was calculated as
the ratio between extra-pair offspring and true offspring
for each nest. So, for example, if a given father had 2
extra-pair chicks in his nest, out of a brood of 5, the
proportion of cuckoldry suffered by this father would be
0.4.
We then related this predictor to age of the social fa-
ther, lightness, hue, chroma of the yellow colouration of his
breast, size of his black tie and the possible interactions
among these colour variables.
We developed a best-fit statistical model by reducing
the full model until the final one only contained factors
with an associated p<0.10 (Sokal & Rohlf 1995). Data
were analysed with a non-parametric general linear model
using ranked data (Conover & Iman 1980, 1982). All
analyses were realized with Statistica 8.0; Stat soft. Inc.,
Tulsa, OK, USA.
RESULTS
Male great tits with larger black ties and higher levels of
chroma on their yellow plumage suffered higher rates of
cuckoldry than those showing high levels of only one of
those colour traits. Birds showing lower levels in both
traits also suffered comparatively more cuckoldry (Figure
1, Table 1). Age did not have a significant effect on the
chances of suffering cuckoldry.
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Figure 1. Proportion of extra-pair/within pair paternity
in relation to size of the black tie and chroma of the yellow
breast colouration of male great tits.
Table 1. Ranked GLM relating size of the black tie, yel-
low chroma, and their interaction with the proportion of
extra-pair/within pair paternity of male great tits (Final
model).
F β p
Black tie size 5.88 -1.10 0.02
Yellow chroma 5.66 -1.22 0.03
Black tie size * Yellow chroma 8.32 1.21 0.01
DISCUSSION
Contrary to predictions, birds displaying both high val-
ues of yellow chroma and large tie sizes were as heavily
cuckolded as those showing low quality traits, while birds
with either only a large black tie or high values of yellow
chroma were able to maintain a lower rate of extra-pair
paternity within their nests.
We did not find any effect of age on the risks of being
cuckolded in our population, in accordance with some pa-
pers (Krokene et al. 1998; Johannessen et al. 2005) but
not with others (Lubjuhn et al. 2007).
The chroma of the yellow breast plumage of the great
tit is an indicator of body condition that can work as a
quality signal (Senar et al. 2008). To show high qual-
ity colour traits did not prevent their bearers from being
cuckolded, but led them to suffer even higher cuckoldry
rates than less ornamented individuals.
A possible interpretation of these results could be
that, in our population, males might be following different
strategies according to their individual quality. In great
tits, males perform costly paternity assurance behaviours,
like mate guarding (Bjo¨rklund & Westman 1986; Bjo¨rk-
lund et al. 1992) and song at dawn (Mace 1987). In
many species, males showing higher quality traits usu-
ally enjoy bigger chances of getting extra pair copulations
(Birkhead & Møller 1992; Bitton et al. 2007; Balenger et
al. 2009), even regardless of the quality of the male they
are cuckolding (Forstmeier 2007). With this promising
prospect, attractive male great tits could find it more prof-
itable to invest more in pursuing extra-pair copulations,
instead of employing their efforts in costly mate guard-
ing behaviours, even if that increases the chances of com-
promising their within pair paternity (Kokko & Morrell
2005). In fact, in great tits, a perceived loss of within pair
paternity leads in turn to an even lower mate guarding
effort (Hansen et al. 2009). This could explain the results
found in our population, where, indeed, males of higher
quality – those with larger black ties and a brighter yellow
colouration – invest less in nest defence against conspecific
intrusions than males with high levels of only one of those
traits (Barcelo` et al. unpublished).
This same strategy has been suggested for some
species in which older males suffer more cuckoldry than
younger ones (Westneat 1987; Sherman & Morton 1988),
and it is also known to be followed, for example, by black-
throated blue warblers Dendroica caerulescens (Chuang-
Dobbs et al. 2001) in which males with more extra-pair
opportunities guard less and suffer more cuckoldry.
The alternative tactic would be the one followed by
males showing only high levels of either the melanin or
the carotenoid-based trait. These individuals, of a subop-
timal attractiveness, either based on a high yellow chroma
or a large black tie size, seem to suffer less cuckoldry in
our population. For these males it would probably be
more beneficial to ensure their within-pair paternity by
enhancing their mate guarding strategies, given that they
would not be so successful when trying to achieve extra-
pair copulations. In fact, it has been suggested that not so
sexually attractive individuals seem to follow an alterna-
tive strategy by increasing their aggressiveness (McGraw
et al. 2007), mate guarding (Johnsen & Lifjeld 1995),
and parental care (Sanz 2001). This higher parental ef-
fort could be rewarded in faithfulness by females (O’Brien
& Dawson 2010), which would again, in turn, reinforce
the male’s investment in the nest (Lubjuhn et al. 1993;
Lubjuhn 1995).
Lastly, the males with small tie sizes and low chroma
values, signalling a very low quality, could not expect to
successfully achieve many extra-pair copulations. Very
likely, females paired with these low quality males would
be actively seeking for EPCs (Kempenaers et al. 1992;
Kempenaers 1995) but, even if these males decide to fol-
low a mate guarding strategy, their low condition (i.e. low
yellow chroma; Senar et al. 2008) and low aggressiveness
(Senar 2006; Galvan & Alonso-Alvarez 2008) would result
in a poor nest defence/mate guarding performance, which
would probably lead to the observed paternity loss of these
males in our population (Kempenaers 1995). These males
are in fact very poorly active in defending their territories
(Barcelo´ et al. unpublished).
In conclusion, we found that males of the highest qual-
ity, as signalled by carotenoid and melanin-based colour
traits, were as heavily cuckolded as those with lowest qual-
ity traits, while males of intermediate quality were more
successful at keeping their within pair paternity. These
results suggest that males might be following different re-
productive strategies according to their individual quality.
Unfortunately, our data did not allow us to identify the
genetic father of the extra-pair offspring. This information
would confirm whether male great tits with both melanin
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and carotenoid-based high quality traits are indeed suc-
cessfully achieving more extra-pair copulations, a predic-
tion that arises from our results and should be tested in
future works.
Finally, our study highlights the potential importance
of the carotenoid-based colouration in sexual selection in
the great tit and emphasizes the need of taking into ac-
count multiple colour traits in extra-pair paternity studies.
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Better the devil you know? In matters
of siskin mate choice, familiarity adds to
attractiveness
Juan Carlos Senar, Fernando Mateos-Gonzalez, Francesc Uribe and Llu¨ısa Arroyo
In revision in Behavioral Ecology and Sociobiology
Resumen en castellano
Existe una considerable controversia en ecolog´ıa evolutiva acerca de si la familiaridad social
produce atraccio´n o rechazo cuando una hembra selecciona pareja. El estudio de la famil-
iaridad es importante, dado que el potencial de adaptacio´n local de una especie puede verse
seriamente afectado por la variacio´n de seleccio´n sexual de individuos familiares. Hasta la
fecha, sin embargo, la mayor´ıa de estudios que relacionan ornamentacio´n y familiaridad ha
sido llevada a cabo casi exclusivamente en especies que evitan la familiaridad. En este estu-
dio, mediante experimentos de seleccio´n sexual en lu´ganos (Carduelis spinus), analizamos
co´mo ornamentos y familiaridad social interactu´an para influir la seleccio´n de pareja. Los
resultados mostraron la preferencia de la hembra por machos conocidos, al seleccionar entre
machos familiares y desconocidos, si sus ornamentos sexuales eran similares.
Al seleccionar entre un macho desconocido muy ornamentado y un macho familiar menos
ornamentado, las hembras no mostraron una preferencia significativa por uno de los dos.
Nuestros resultados sugieren que la familiaridad puede ser tan importante como los orna-
mentos sexuales a la hora de determinar el comportamiento de la hembra en contextos de
seleccio´n sexual. Dado que el potencial de adaptacion local puede favorecerse por la pref-
erencia de individuos familiares como pareja, la familiaridad social deber´ıa ser considerada
un importante factor de seleccio´n evolutiva.
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Abstract There is currently considerable controversy in 
evolutionary ecology revolving around whether social 
familiarity breeds contempt or attraction when a female 
chooses a mate. The topic of familiarity is significant 
because by avoiding or preferring familiar individuals 
as mates, the potential for local adaptation may be 
reduced or favored.  
To date, however, the few studies investigating 
the interaction between familiarity and ornamentation 
have only been conducted in species that avoid 
familiarity. Here, we provide data on mate choice 
experiments in siskins, analyzing how familiarity and 
patterns of ornamentation interact to influence mating 
success. Results showed a female preference for 
familiar individuals when choosing between familiar 
and unfamiliar males with similar sized wing patches 
(i.e. ornaments). When confronting females with the 
choice between a highly ornamented unfamiliar male 
and a less ornamented familiar male, half of the females 
still preferred the social familiar birds as mates.  
Our finding suggests that male familiarity may 
be as important as sexual ornaments in affecting female 
behavior in mate choice. Given that the potential for 
local adaptation may be favored by preferring familiar 
individuals as mates, social familiarity should be 
regarded as an important evolutionary selection 
pressure.  
 
Keywords: Familiarity, siskin, Carduelis spinus, local 
adaptation. 
 
Introduction 
It has long been assumed that social familiarity should 
breed contempt when a female chooses a mate (Kelley 
et al. 1999; Mariette et al. 2010). Preference for 
unfamiliar mates is thought to be favored because it 
reduces inbreeding and increases gene flow (Johnson et 
al. 2010).  
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However, a detailed review of the literature has shown 
that familiarity may also lead to attraction (Cheetham et 
al. 2008). The authors reported that, in species with a 
low inbreeding risk, choosing a familiar individual as 
mate can be beneficial as it ensures a male that has 
already demonstrated its quality, health and social status 
(Cheetham et al. 2008).  
When familiarity influences female mating 
preferences, the strength of sexual selection on male 
ornamentation could be altered (Zajitschek et al. 2006). 
As sexual selection may play a key role in  speciation 
(Panhuis et al. 2001; Price 2008; Mank 2009; van 
Doorn et al. 2009), the topic of familiarity is significant. 
It goes beyond the subject of mating systems, because 
by avoiding or preferring familiar individuals as mates, 
the potential for local adaptation and even speciation 
may be reduced or favored. To date, however, the few 
studies investigating the interaction between familiarity 
and ornamentation have only been conducted in species 
that avoid familiarity (Patricelli et al. 2003; Zajitschek 
et al. 2006; Zajitschek & Brooks 2008). 
Here we used the siskin (Carduelis spinus), a 
small cardueline finch, to analyze how familiarity and 
patterns of ornamentation interact to influence mating 
success. The siskin has a yellow stripe on its wings and 
the size of this stripe is related to an individual’s ability 
to find food (Senar & Escobar 2002; Mateos-Gonzalez 
et al. 2011). Previous work showed that in mate-choice 
trials with unfamiliar males, females showed a marked 
preference for males with a larger wing patches (Senar 
et al. 2005). Here we tested female preference when 
choosing between familiar and unfamiliar males with 
similar sized wing patches (i.e. ornaments). We then 
determined the relative strength of familiarity and 
ornamentation by confronting females with the choice 
between a highly ornamented unfamiliar male and a less 
ornamented familiar male.  
 
Methods 
 
Siskins used in the experiments were captured in NE Spain in 
the autumn and winter of 2007-2008. On capture we measured 
the length of the yellow stripe on primary six, from the distal 
edge of primary covert four to the distal end of the yellow 
stripe, according to Senar & Escobar (2002). This measure on 
primary six correlates highly with the size of the whole yellow 
patch and was thus used to estimate its size (Senar & Escobar 
2002). Age was assessed according to Svensson (1992) and 
Martin (1994), distinguishing yearlings (birds in their first 
winter) from adults.  
 Except during experiments, the birds were kept in 
indoor cages (100x40x40 cm) with natural light, in flocks of 
one female and two males. One of the males had a large (L), 
yellow wing patch, while the other had a small (S) yellow 
wing patch (average patch for L=7.1 mm; S=3.8 mm; average 
difference between the two individuals within the "group": 
3.3±SD:1.0 mm; paired t-test: t=12.7, p<0.001). To ensure 
familiarity between the three birds they remained in their same 
group for at least two months over the winter before starting 
the mate choice experiments. Previous studies have 
determined that familiarity in siskins is attained after 20 days 
of cohabiting in the same cage (Senar et al. 1990). Our period 
of at least 2 months is therefore more than sufficient time for 
the three birds to become familiar. 
Mate-choice trials were conducted in the spring of 
2008, following the experimental set up of Hill (1990). We 
used a mate-choice box that consisted of a central chamber 
measuring 100x100x100 cm (cage C). The box had two side 
compartments measuring 20x20x30 cm (cages A and B). A 
plexiglas window was attached to an exterior cage at the end 
of each side compartment. During each trial, the two exterior 
cages each contained one stimulus male bird and the main 
chamber housed the test female. The test female could view 
only one stimulus male at a time. To do so, the female had to 
hop under one of the two doorways (10 cm high) that led to a 
side compartment (A and B) and jump up on to a perch (for 
details see (Burley et al. 1982; Hill 1990; Senar et al. 2005). 
Females were released into the central chamber between 14:00 
and 15:00h on the day before the experiment. Passing the 
night in the experimental cage allowed them to become 
accustomed to the cage well in advance of the experiment. 
Both the central (C) and the side (A and B) 
compartments contained infra-red detectors connected to a 
computer. The computer automatically recorded the time that 
the female stayed in each compartment. Trials lasted four 
hours, timed from the moment the computerized system 
detected that the female had visited both stimulus males. All 
trials were conducted from 9:00 h, when males were 
introduced into the side cages. Whether a given male was 
housed in compartment A or B was chosen at random, thereby 
eliminating positioning effects. No observers were present in 
the experimental room during trials. 
The time that the females spent in association with 
each of the two stimulus males was used to measure mate 
preference, as this is known to be a good indicator of mating 
behavior in captive birds (Clayton 1990; Witte 2006; 
Snowberg & Benkman 2007). Even if we are simply 
measuring affinity for association, this could lead to 
assortative mating between groups if females prefer to 
associate with males of their own familiar flock and 
assortative mating is a byproduct of such association (Clayton 
1990). The method has been used a proxy for mate preference 
in many laboratory studies in several taxa (Enstrom 1993; 
Johnson et al. 1993; Nolan & Hill 2004; Cummings & 
Mollaghan 2006; Wong & Rosenthal 2006; Snowberg & 
Benkman 2007) 
 We conducted two separate experiments. In the first, 
we analyzed the relationship between female preference and 
familiarity (n= 15 trials). In this experiment females had to 
choose between a familiar and an unfamiliar male, both 
ornamented with a large yellow wing stripe. The time that the 
female spent with each of the two males was transformed into 
a percentage. We analyzed the data using a Wilcoxon signed-
rank test (Neave & Worthington 1992). Our null hypothesis 
was that females would spend equal time with each of the two 
stimulus birds, against the alternative that females would 
spend more than 50% of the time with familiar males. We used 
different females for each trial (n=15 females), and a different 
pair of males (no male was repeated) for each female tested 
(n=30 males), thus ensuring independence. Females used in 
the different trials were randomly chosen. The sets of two 
males were also chosen at random but under the restriction 
that the difference in size of the yellow wing stripe between 
the two stimulus birds should be less than 0.5mm. 
In the second experiment we analyzed the 
interaction between familiarity and ornamentation (n=15 
trials). Females had to choose between a poorly ornamented 
familiar male (small yellow wing patch) and a more 
ornamented unfamiliar male (large yellow wing patch). Time 
spent by the female at each of the two cages was again 
transformed to a percentage, and analyzed using a Wilcoxon 
signed-rank test. We used different females for each trial 
(n=15 females) and a different pair of males (no male was 
repeated) for each female tested (n=30 males). The birds were 
the same as those used experiment one, but we ensured that 
they were confronted with different males to those used in 
experiment one. Females used in each trial were chosen at 
random. The sets of two males were also chosen at random but 
this time under the restriction that the difference in size of the 
yellow wing stripe between the two stimulus birds should be 
at least 2 mm, as this had previously proven sufficient to 
detect a preference by the females (Senar et al. 2005). 
It should be noted that experiments one and two 
were not carried out sequentially; the order of each experiment 
for each female was chosen at random. We did not perform a 
control experiment because the experimental design was 
identical to that used in Senar et al. (2005). 
  
 
Results 
 
In the first experiment, where we presented siskin 
females with two males that were equally ornamented 
(i.e. with long yellow wing stripes) but different in 
social familiarity, females showed a significant 
preference for the familiar males (Wilcoxon signed-rank 
test, T=8.0, p<0.01, n=15 trials; figure 1).  
In the second experiment, females had to 
choose between a poorly ornamented familiar male 
(small yellow wing patch) and an ornamented 
unfamiliar male (large yellow wing patch). In this 
experiment, female siskins did not show any significant 
preference (Wilcoxon signed-rank test, T=44.0, n.s., 
n=15 trials; figure 1).   
 
Discussion 
 
Previous studies analysing the interaction between male 
attractiveness and social familiarity in mate choice 
found familiarity bred contempt and that attractiveness 
was more important than familiarity when choosing a 
mate (Patricelli et al. 2003; Zajitschek et al. 2006; 
Zajitschek & Brooks 2008). The results from our study 
in siskins support a new view, in that attractiveness 
alone in some species is not enough and that social 
familiarity adds to attraction.  
Figure 1. Results from the two experiments in which the 
siskin females were presented with a choice between two male 
siskins differing in social familiarity (Familiar and Unfamiliar) 
and sexual attractiveness, measured as the relative length of 
the yellow wing stripe. In the first experiment, females had to 
choose between a familiar and an unfamiliar male, both 
ornamented with a large yellow wing stripe (both attractive). 
In the second experiment, females had to choose between a 
poorly ornamented familiar male (small yellow wing patch) 
and a more ornamented unfamiliar male (large yellow wing 
patch). Results are expressed as the mean percentage (± S.E.) 
of time that the test female stayed with either stimulus male 
during a total of 4 hours (14.400 s.). The outcome of non-
parametric Wilcoxon signed-rank tests is provided in the text 
(N = 15 trials for both experiments). 
 
The familiarity factor may help us understand patterns 
of sympatric local adaptation and divergent ecological 
selection. This factor may be especially important in 
species in which different subpopulations cohabit during 
the mating period, since this cohabitation would 
otherwise provide ample opportunities for gene flow 
(Schluter et al. 2001; Newton 2008). Crossbills Loxia 
spp. are considered a typical example; studies have 
shown that different cryptic species may cohabit in the 
same geographical areas but that they seem to mate 
assortatively (Benkman 1993; Groth 1993; Parchman et 
al. 2006; Snowberg & Benkman 2007; Summers et al. 
2007; Edelaar et al. 2008; Snowberg & Benkman 2009). 
The citril finch Serinus citrinella is another example. 
Different subpopulations, known to adapt locally and to 
differ in morphometrics and genetic structure (Senar et 
al. 2006; Förschler et al. 2011), are allopatric during the 
breeding season but intermix in the shared wintering 
areas where pairing takes place (Borras et al. 2010; 
Borras et al. 2011). Citril finch subpopulations, 
however, remain differentiated (Senar et al. 2006; 
Förschler et al. 2011). The siskin is a third example. 
Two different subpopulations, residents and transients, 
have been described in this species (Senar et al. 1992). 
These two subpopulations intermix and cohabit during 
the winter pairing period (Senar & Copete 1990; Senar 
et al. 1992), but subpopulations consistently differ in 
morphometrics (Senar et al. 1994, 2001).  
 Subpopulations remain differentiated in 
crossbills, citril finches, and siskins, even though 
cohabitation of the different subpopulations during the 
pairing period would provide ample opportunities for 
gene-flow (Choudhury & Black 1994; Borras et al. 
2011). Here, we stress that a mating preference for 
socially familiar individuals, as found in the present 
study, could nicely explain the maintenance of these 
instances of local differentiation (Choudhury & Black 
1994; Borras et al. 2011). 
Interspecific variation in the role of familiarity 
in mate choice has been mainly attributed to the 
probability of inbreeding (Cheetham et al. 2008). This 
view would explain why in species with a high 
probability of inbreeding, as for instance in promiscuous 
species, females generally avoid males that are familiar 
to them (Cheetham et al. 2008). However, we think that 
interspecific variation in the role of familiarity in mate 
choice could also be related to interspecific variation in 
the degree of stability in the composition of groups, 
which is in fact a prerequisite for social familiarity. 
Cardueline finches, like crossbills, citril finches and 
siskins, breed in semi-colonies that have high social 
interaction among their members (Newton 1972; Glück 
1980). The high social costs of flock switching enhance 
membership stability (Senar et al. 1990; Cristol 1995; 
Balph 1979; Mundinger 1979; Wilson 2006), and data 
suggest that flocks formed in the original breeding 
localities may even remain together in the wintering 
grounds (Wilson 2006). In this scenario, if birds develop 
a mating preference for familiar birds, flock structure 
would favor pairing with individuals from the same 
breeding subpopulation, thereby reducing gene-flow and 
allowing local adaptation. 
There is increasing evidence that animals may 
use multiple criteria in mate choice (Candolin 2003). 
Our present results suggest that in some species, social 
familiarity adds to attractiveness. As preference for 
familiar individuals as mates could favor local 
adaptation, social familiarity should be regarded as an 
important selection pressure in modulating the evolution 
of characters.  
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